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ABSTRACT 
 
Among the newly discovered iron-based superconductor, FeSe with the simplest 
structure and a transition temperature (Tc) around 8 K arouses much research interest. 
Although its Tc is much lower than that of the cuprates, iron chalcogenide has low 
anisotropy, slow decrease of the critical current density (Jc) with increasing magnetic 
field and high upper critical field Hc2 as well as easy composition control, which makes 
it a promising candidate to substitute NbSn/NbTi for high field applications. Compared 
with its bulk counterpart, iron-based superconductor thin film has a great potential in 
developing the ordered quasi-2D structure and is suitable for coating technology which 
has already been applied in YBa2Cu3O7-x coated conductors.  
In this thesis, we first optimized pure FeSe thin films by different growth 
conditions using pulsed laser deposition (PLD) and post-annealing procedures. The 
microstructure properties of the films including the epitaxial quality, interface structure 
and secondary phase have been studied and correlated with the superconducting 
properties. 
Second, we reported our initial attempt on introducing the flux pinning centers 
into FeSe0.5Te0.5 thin films either under a controlled oxygen atmosphere or with a thin 
CeO2 interlayer. The microstructure of the FeSe0.5Te0.5 films including the epitaxial 
quality, the interface structure and the secondary phase have been studied and correlated 
with the in-field performance of the superconducting thin films to explore the pinning 
properties of these nanoscale defects. 
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Very recently, ion beam assisted deposition (IBAD) substrates have been used to 
grow high quality FeSe0.5Te0.5 tape with excellent in-field performance. The film on 
IBAD substrate involves multiple steps of seed layer and buffer layer deposition to 
establish the epitaxial growth template. Therefore a simplified and cost effective iron-
based coated conductor is more desirable. Towards the practical application, we 
demonstrated the growth of superconducting FeSe0.5Te0.5 film on amorphous glass 
substrates for the first time. The film is highly textured with excellent superconducting 
properties, e.g., Tc of 10 K and Jc under self-field as high as 1.2×104 A/cm2 at 4 K. 
Further optimization of the film growth with various nanoscale interlayers has been 
carried out. 
In addition the Te rich iron chalcogenide thin film with composition close to the 
composition with antiferromagnetic (AFM) transition has been demonstrated. Compared 
to the FeSe0.5Te0.5 which claimed to be the optimum composition from the literature 
report, the FeSe0.1Te0.9 is even more promising for the high field application with its 
coexistence of super high upper critical field and high critical current density. 
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CHAPTER I  
INTRODUCTION  
1.1 Overview 
 In the first section of the introduction we summarize the brief history and 
applications of the superconductors. Several types of superconductors with layer 
structures are listed. Later on different types of iron based superconductors are compared 
and we focus on the structure and properties of the ‘11’-type iron chalcogenide 
superconductors. In the second section we review the recent progress on the bulk form 
FeSe1−xTex in the respects of synthesis, doping effect, pressure effect and the structure 
dependence of the superconducting properties. In the third section we compare the FeSe1
−xTex (x = 0, 0.5 and 1) thin films with their bulk counterparts and illustrate the thin film 
growth conditions critical for the superconductivity including the substrate effect, 
thickness dependence, oxygen effect and composition variation. In addition FeSe0.5Te0.5 
coated conductors on the ion-beam-assisted deposition (IBAD) MgO substrates, rolled 
textured metal substrates (RABiTS) and even amorphous substrates promising for 
practical application are discussed in this section.  
1.1.1 Background 
A superconductor is a material which has two characteristic properties including 
perfect conductivity (zero resistance) and perfect diamagnetism (Messiner effect), when 
it is cooled down below a critical transition temperature (Tc) [1]. Superconductivity was 
first discovered in mercury by Kamerlingh Onnes in 1911 and later found in a variety of 
materials, including simple elements (e.g., lead and mercury), metallic alloys (e.g., lead-
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bismuth alloy), heavily-doped semiconductors (e.g., heavily boron-doped silicon 
carbide), ceramic compounds with layered structure (e.g., copper oxides) and even 
certain organic molecules [2]. One of the characteristics of superconductivity is that the 
electrical resistance of a material sharply drops to zero below certain low temperature. 
The characteristic transition temperature is known as critical transition temperature, Tc. 
In addition, a superconductor demonstrates perfect diamagnetism which completely 
expels the weak magnetic field in superconducting state. This phenomenon is called the 
Meissner effect [3]. Both zero resistance and Messiner effect are illustrated in Figure 1. 
1 [4]. 
 
Figure 1. 1 Schematic illustrations of (a) zero resistance in mercury and (b) the Meissner 
effect. [4] 
 
Superconductors exhibit superconducting properties only below the critical 
transition temperature Tc and the critical magnetic field Hc as illustrate in the Figure 1. 2.  
 
(a) (b) 
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Figure 1. 2 Phase diagram of the field and temperature dependence of type I (a) and type 
II (b) superconductor. [4] 
 
Depending on the response to the applied magnetic field, two types of 
superconductors can be categorized, namely, conventional “type I” superconductors and 
newly discovered unconventional “type II” superconductors. As early as in 1950, 
Landau-Ginzburg theory predicted the existence of type I and type II superconductors. In 
this theory, a type-I superconductor had positive free energy of the superconductor-
normal metal boundary and the type II has negative energy. 
In type-I superconductors, superconductivity is abruptly destroyed via a first 
order phase transition when the strength of the applied field rises above a critical field 
value Hc. When a type I superconductor is cooled below critical transition temperature Tc 
under a weak applied magnetic field, all of the magnetic flux lines are expelled from its 
interior by generating circulated super-current inside the material. The magnetization (M) 
is equal to the applied magnetic field with opposite direction when the applied magnetic 
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field He is below the critical field Hc (the maximum field a type I superconductor can 
sustain without breaking the superconducting state): 
𝑀 =  −𝐻𝑒  (𝑀 < 𝐻𝑐 ) (Equation 1. 1) 
When the intensity of the applied magnetic field is stronger than the critical field 
the superconductor will transit from superconducting state to normal state with a sharp 
drop of the magnetization to M = 0. The magnetization curve of type-I superconductors 
are depicted in Figure 1. 3 (a). This type of superconductivity is normally exhibited by 
pure metals, e.g. aluminum, lead, and mercury.  
Furthermore, the following empirical equation describes the temperature 
dependence of critical field of type I superconductors: 
𝐻𝑐(𝑇) =  𝐻𝑐(0) �1 − �𝑇𝑇𝑐�2� (Equation 1. 2) 
Type I superconductors are usually pure elements and alloys which exhibit 
superconductivity at very low temperature and can be explain by the BCS theory 
(conventional superconductivity theory). It was predicted by the BCS theory that the 
critical transition temperature of superconductors can not go beyond about 30 K [5]. 
Type-II superconductors are characterized by the formation of magnetic 
vortices under applied magnetic field. This occurs above certain critical field 
strength Hc1. The vortex density increases with increasing field strength. At a higher 
critical field Hc2, superconductivity is completely destroyed. It means there are two 
critical fields, between which it allows partial penetration of the magnetic field. The 
first, lower critical field occurs when magnetic flux vortices penetrate the material but 
the material remains superconducting outside of these microscopic vortices. The vortices 
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will align in a triangular shape pattern such as shown in Figure 1. 4 to minimize the 
energy. When the vortex density becomes too large or to say the field strength becomes 
larger than the critical value, the entire material becomes non-superconducting; this 
corresponds to the second, higher critical field. The phase diagrams of type I and type II 
superconductors on temperature-magnetic field plane are shown in Figure 1. 3 (a) and 
Figure 1. 3 (b). [4]  
At the time when the Landau-Ginzburg theory predicted two types of 
superconductor, all the superconductors discovered were type I and the type II ones were 
considered not practical. Soon after that type-II superconducting behavior was first 
observed in experiments when superconducting alloys were investigated under a 
magnetic field. Most of the type II superconductors are alloys and perovskite ceramics 
with much higher Tc, Jc and Hc than the type I superconductors. In a type II 
superconductor, Messiner state, mixed state (vortex state) and normal state on the 
magnetization curve can be identified as illustrated in Figure 1. 3 (b). 
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Figure 1. 3 Magnetization curve of type I (a) and type II (b) superconductor. [4] 
   
(a) 
(b) 
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Figure 1. 4 STM imaging of the triangular vortex lattice in NbSe2. [6] 
 
The high Tc and superconducting behavior in type II superconductors cannot be 
explained by the conventional BCS theory. It is believed that the superconducting 
properties in type II superconductors relate to layer lattice structure. Examples of type II 
superconductors are nickel-based superconductors, cuprate as well as the iron-based 
superconductors. In 1986 Bednorz and Muller [7] discovered the La2CuO4 with a critical 
transition temperature of 35 K when certain amount of La3+ substituted by Ba2+, which is 
one of the most important discoveries in modern condensed matter physics. One year 
later it was found replacing the lanthanum with yttrium (i.e., YBa2Cu3O7-x) pushed the 
critical temperature to 92 K, which is higher than the boiling point of liquid nitrogen at 
77 K at atmospheric pressure [8]. It started the research of exploration of the high 
temperature superconductors.  
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1.1.2 The Applications of Superconductivity  
The application of superconductors is one of the most important reasons why so 
many studies were carried out on superconductor. The applications of superconductors 
are mainly based on its characteristics of zero resistance and Meissner effect.  
The discovery and application of superconductors were highly dependent on the 
cryogenic technology of liquefication of the helium. The main cost to operate the 
superconducting equipment is for cryogens, and we prefer to use cheaper cryogens such 
as liquid H2 and liquid N2 instead of pricy and scarce liquid He which is the reason for 
pushing the Tc and looking for new superconductors. Another limitation is the critical 
current density Jc. 
The superconductor cables made of the traditional high temperature cuprates 
superconductors such as YBa2Cu3O7-x (YBCO) and Bi2Sr2Ca2Cu3O10+x (BSCCO) were 
used to transport electricity. In conventional metal such as copper and aluminum 
transmission lines, about 10 ~ 15% of electricity is dissipated as heat due to the resistive 
loss. By replacing conventional metal transmission lines with superconductor 
transmission lines, the resistive loss can be prevented. Furthermore, with much larger 
current density in the superconducting cables, more than 7000% space-efficiency can be 
achieved. 
In addition, superconducting magnet is another important application. Once the 
current is injected into the superconducting coil to generate strong magnetic field, the 
power supply can be switch off; and the current and magnetic field stays as long as T < 
Tc and H < Hc.  
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Another application based on the strong magnetic field generated by 
superconductor coils is in the levitation system. The levitation train can travel at a quite 
amazing speed because it is levitated to avoid the frictional resistance. Superconducting 
coils can also be used to make motors and generators which will save 90% of the size 
and weight comparing to conventional devices. In addition in the medical equipment 
MRI the Superconductor magnet is also used to generate magnetic field of around 1.5 T. 
The MRI has spatial resolution to trace atomic nuclei. 
Another large scale application of superconductor is the superconducting 
magnetic energy storage system which can improve the stability of power grids. In the 
year of 2000, American Superconductor installed a superconducting magnetic energy 
storage system (SMES) in Wisconsin. Each SMES units can reserve over 3 million watts 
to stabilize line voltage during a disturbance in the power grid. Figure 1. 5 (a)-(c) show 
the pictures of HTS cable, super-power grid and SMES, respectively. 
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Figure 1. 5 (a) HTS power transmission cable, (b) superconducting power grid in 
Albany, New York, and (c) SMES. [9]  
 
The newly discovered iron-based superconductor has relative low critical 
transition temperature, however the upper critical field is much higher than the high 
temperature superconductor such as cuprates and it is in favor of the superconducting 
energy storage system in which the stored energy is proportional to B2. In addition the 
superconducting properties are weakly anisotropic which makes it especially useful for 
magnets applications.  
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1.1.3 Layered Structure in Superconductors 
Layered structure is a common feature of the superconductor especially in the 
type II superconductors; here we listed several typical type II superconductors with 
different layer structures. 
Cuprates 
In 1986 Bednorz and Muller [7] discovered the La2CuO4 with a critical transition 
temperature of 35 K when certain amount of La3+ substituted by Ba2+. One year later it 
was found that, replacing the lanthanum with yttrium (i.e., making YBCO) pushed the 
critical temperature to 92 K [8]. The structure of these materials strongly depends on the 
oxygen content. Optimum superconducting properties occur when x ~ 0.07, i.e., almost 
all of the O(1) sites are occupied, with few vacancies with the orthorhombic structure.  
MgB2 
MgB2 is actually an ‘old’ material, known since the early 1950s. But only 
recently it was discovered to be a superconductor (Akimitsu 2001, Nagamatsu et al. 
2001) at a remarkably high critical temperature—about 40 K—for its simple hexagonal 
structure. MgB2 possesses the simple hexagonal AlB2-type structure (space group 
P6/mmm), which is common among borides. It has boron layers which are separated by 
hexagonal close-packed layers of magnesium. The magnesium atoms occupy the center 
of hexagons formed by borons and donate their electrons to the boron planes. MgB2 
exhibits a strong anisotropy in the B–B lengths: the distance between the boron planes is 
significantly longer than the in-plane B–B distance [10].  
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Nitride-based superconductors 
This type of materials is similar to the metal-doped fullerenes, which show 
relatively high transition temperatures, the electron donor atoms sit in the interstitial sites 
between the adjacent fullerene balls. 
A group from Hiroshima University reported b-ZrNCl, consisting of Zr–N 
double layers sandwiched between two close-packed chlorine layers. With lithium 
intercalation, the crystal changed from a semiconductor to a metal, and became a 
superconductor at 13 K [11].  
Besides that, they reported the properties of the isostructural compound b-HfNCl. 
After electron-doping through lithium intercalation, they observed superconductivity 
with a Tc up to 25.5 K [12]. This transition temperature is higher than that observed in 
any intermetallic compound, which suggests transition temperatures of the layered 
nitride structures may be comparable to the layered copper oxide structures. 
WO3 superconductors 
This topic is not quite new and it started ever since 1979 to calculate the property 
of alkali doped WO3 [13]. Due to the localized surface superconductivity, 
superconductivity of WO3 was only demonstrated using Magnetization M-T [14, 15]. 
WO3 crystals were doped with Na on the surface to around 7 % nominal atomic 
concentration. Scanning tunneling microscopy and magnetization measurements were 
employed in the study of these crystals. Around 10% of the surface was covered by 
superconducting islands with the size of 20–150 nm and the rest is insulating revealed by 
tunneling experiments.  
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Magnetization measurements show that the superconducting phase formed at the 
surface has a critical temperature of 91 K. Most of the sodium is concentrated in these 
islands and therefore they are metallic in nature, above 30 % in atomic concentration. 
This material is therefore a non-cuprate superconductor with a high critical temperature 
[15]. 
Study shows the superconducting Cs-doped WO3 Crystal Surface has a Tc ~ 5.9 
K and the property is also limited in the surface area similar to the Na-doped WO3 in the 
surface island [14]. 
1.1.4 From Cuprates to Iron-based Superconductors 
For more than 20 years, the high temperature superconductors with Tc higher 
than the predicted BCS limit 30 K [5] have been mostly cuprates. The recent discovery 
of the iron-based superconductors has generated enormous interest because these 
materials are the first non-copper oxide superconductors with Tc exceeding 50 K [16-
19]. The first reported iron-based superconductor is LaOFeP, discovered by Hideo 
Hosono in May 2006 [20]. However, it didn't catch much attention due to its low 
superconducting transition temperature, Tc ~ 4K. Two years later, in February 2008, 
Hideo Hosono's group reported the discovery of another iron-based superconductor, 
fluorine-doped LaOFeAs with a high Tc of 26 K [21]. In LaOFeAs electron carriers 
generated by F-doping into oxygen sites are injected into FeAs metallic layers as a result 
of the large energy offset between these two layers. The carrier doping layer is separated 
by the conduction layer. Tc=43K at 4GPa was obtained in this F-doped LaOFeAs [22]. 
Soon after that, four main types of iron-based superconductors with the tetragonal 
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structure indicated in Figure 1. 6 have been reported: ‘1111’-type ReFeAsO (Re = rare 
earths) [23], ‘111’-type AFeAs (A = alkali metal) [24], 122-type AeFe2As2 (Ae = 
alkaline earths) [19], and ‘11’-type FeX (X = chalcogens) [25]. In this thesis we focus on 
the ‘11’-type FeX (X = chalcogens). In 122-type AeFe2As2 superconductor, by hole 
doping potassium (K) in BaFe2As2 it gets a Tc =38K [19]. In ‘111’-type LiFeAs becomes 
superconducting apparently without external doping [26]. The superconducting 
properties of ‘11’-type FeSe can be enhanced by covalently doping with Te and S [27] or 
by applying external pressure [28]. The common feature of the high temperature 
superconductors is the layered structures. Superconductivity in the cuprates occurs by 
doping a Mott antiferromagnetic (AFM) insulator, whereas iron-based superconductors 
become superconducting by doping a parent AFM semi-metal. In both cases 
superconductivity competes with the AFM states. Compared with conventional 
superconductors, both iron-based superconductors and the cuprates have high normal-
state resistivities, low carrier densities and low Fermi energies. As a result, both iron-
based superconductors and the cuprates have small Cooper pairs with ξ ≈ 1–2 nm 
compared to classic superconductors such as niobium (where ξ ≈ 40 nm)and large ratios 
γ = mc/mab of the electron masses along the c axis (mc) and the ab plane (mab), with γ 
ranging from ~1 to ~50 for iron-based superconductors and from ~20 to >104–105 for the 
cuprates [29]. 
In Table 1. 1 four main categories of iron-based superconductors are summarized 
with some examples. 
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Figure 1. 6 Four different structures of the FeAs-based materials, which contain the 
FeAs planes (highlighted in yellow). Abbreviation: RE, rare earth.[30] 
 
 
 
Table 1. 1 Critical transition temperatures for the iron-based superconductors. 
(Abbreviations: RE, rare earth; AE, alkaline earth; TM, (3d–5d) transition metals; HP, 
high pressure.) 
 
Families Formula Tc [Reference] 
‘11’ 
FeSe 8 K [25] 
FeSe(HP) 36.7 K [31] 
‘111’ 
LiFeAs 18 K [32] 
NaFeAs 13 K [26] 
‘1111’ 
Electron doping: 
REFeAsO1-xFx 
Hole doping: 
RE1-xAExFeAsO 
55–56 K[19] 
 25 K [33] 
‘122’ 
AE1-xALxFe2As2 38 K [19] 
AE(Fe1-xTMx)2As2 20–28 K [34]  
AEFe2As2-xPx 30 K [35] 
 
Before FeSe was reported as a superconductor, FeSe thin film was studied for 
solar cells in the semiconductor industry [36]. After the discovery of FeSe as 
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superconductor, its superconducting properties were studied in comparison with the iron 
pnictide superconductor.  
  The common feature of newly discovered iron-based superconductor is the layer-
by-layer tetragonal structure with a = b < c. In the iron pnictide superconductor by 
doping the system with electron or hole doping as well as rare earth element 
intercalation into the layered structure, the superconducting transition temperature can be 
increased. Although its transition temperature is not as high as that of pnictide, the iron 
chalcogenide has some advantages. First it has a binary composition, so the 
stoichiometry control is relatively easy. Second it does not contain the toxic arsenic 
element. In addition it has a simple structure which makes the study on the similarity and 
difference to the cuprates easy. It is also easier to study the superconducting mechanism 
such as modeling and theoretical calculation. The pressure effect was also found in this 
‘11’ system, for example, the superconducting transition temperature can be pushed to as 
high as 37 K under 4 GPa pressure which is very similar to the pnictide system [37]. The 
study on the structure variation under pressure and the effect on the superconducting 
properties will be more straightforward. This system can be also doped with covalent 
doping to generate chemical pressure to enhance the superconducting properties. 
  In this part the bulk ‘11’-type iron-based superconductors are reviewed from 
synthesis method, composition variation study to the pressure effect, and the structure 
change with doping and under pressure such as the ion height and angle change to find 
clues to further improve the superconducting properties of this ‘11’ system. 
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The first iron chalcogenide superconductor FeSe with a transition temperature Tc 
around 8 K was discovered in July 2008 [25]. The corresponding superconducting 
properties measurements are shown in Figure 1. 7 including the R-T (resistivity vs. 
temperature) measurement, M-H (magnetic momentum vs. magnetic field) hysteresis 
loop and upper critical field (Hc2) measurement. Iron chalcogenide are also of great 
interest for the high-field applications. In general the superconducting transition 
temperatures of iron chalcogenides are lower than iron pnictides, however they exhibit 
lower anisotropies and very high upper critical field.  
 
Figure 1. 7 Temperature dependence of resistivity for FeSe0.88. The insets display the 
temperature dependence of resistivity under magnetic fields and the estimation of the 
Hc2.[25]  
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  The superconducting FeSe has a tetragonal PbO structure (P4/nmm space group) 
containing Fe-Se planar sub-lattice with an interval of 5.518 Å as show in Figure 1. 8. 
This layered structure is equivalent to the layered FeAs structure in previously found 
iron pnictide superconductors. These common features to the FeAs-based 
superconductors have made iron chalcogenide a key system to elucidate the mechanism 
of superconductivity in iron-based superconductor. FeSe also provides a simple system 
to study the iron-based superconductors in comparison with cuprates [38]. The material 
contains identical Fe-Se layers similar to the layered structure in cuprates which is 
believed to be responsible for the superconductivity [39]. 
 
 
Figure 1. 8 Schematic crystal structure of α-FeSe (Four unit cells).[25] 
 
Since then, the effects of stoichiometry [40-42], structure variation [31, 43, 44], 
strain and stress [45], pressure [28, 31, 46] and doping [27, 47] on the superconducting 
properties of FeSe have been explored. Following the similar research approaches of the 
iron pnictide superconductors, high external pressure [28, 46, 48], the covalent doping of 
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the other chalcogens [41], the transition metals [49, 50] and the alkali metals [51, 52], 
were applied to enhance the superconducting properties. 
Besides bulk FeSe that has been explored extensively [25, 27, 43, 46, 53], 
epitaxial FeSe thin films have recently attracted great research interests [45, 54, 55]. 
Most of the FeSe films reported were deposited by pulsed laser deposition (PLD). 
Compared with its bulk counterpart, FeSe thin film has a great potential in developing 
the ordered quasi-2D structure and is suitable for coating technology which has already 
been applied in YBa2Cu3O7-x coated conductors [56]. In previous FeSe thin film work, it 
was reported that the film thickness and orientation [54], film stoichiometry and 
deposition temperature are critical factors for the superconducting properties [42, 55, 57] 
of FeSe thin film. Wang et al. reported that the optimum deposition temperature for 
FeSe films on MgO is 500°C. The Tconset and Tczero are 10 K and 4K, respectively for the 
film with thickness of 140 nm. However the film is not in the c-axis orientation [54]. Nie 
et al. reported that the optimum deposition temperature of FeSe films with c-axis 
orientation on different substrates is 380°C. The Tconset of the films is lower than 10 K on 
SrTiO3 (STO) (001) and MgO (001). The upper critical field Hc2 of the film was 
estimated to be 35 T with linear extrapolation method. It was also reported that the 
tensile strain in a-b plane suppresses the superconductivity [45]. Han et al. reported 
single-phased, c-axis oriented epitaxial FeSe0.88 films on STO (001), (La, Sr)(Al, Ta)O3 
(001) and LaAlO3 (001) with the Tconset of 11.8 K and the Tczero of 3.4 K [55].  
Although the critical transition temperature (Tc) of the iron-based superconductor 
is much lower than that of the cuprates, the iron-based superconductor has lower 
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anisotropy which is good for magnets applications [29]. Besides the superconducting 
transition temperature, critical current density (Jc) is another important factor for future 
applications. Although compared to the cuprates or even the iron pnictides, the Jc of the 
iron chalcogenide superconductor is lower; its slow decrease of the Jc with increasing 
magnetic field as well as its easy composition control makes the iron chalcogenide a 
promising candidate for high field applications [58, 59].  
In the isovalent-doped FeSe, either tellurium or sulfur was used, which is similar 
to the effect of external pressure to induce structure distortion to the ground state of the 
superconductivity [60]. The effect of doping concentration was also studied for 
achieving optimum stoichiometry in iron chalcogenide systems such as FeSe1-xTex and 
FeTe1-xSx [41, 61, 62]. Tc up to 21 K in the epitaxial FeSe0.5Te0.5 thin films was reported 
[63]. In bulk form, the critical current density of the single crystal FeSe0.4Te0.6 was 
reported to be around 105 A/cm2 at 2 K [58, 59, 64, 65]. Recently enhancing the critical 
current of the iron chalcogenide thin films has attracted great research interests [66, 67].  
1.2 Iron Chalcogenide in Bulk Form 
1.2.1 Synthesis of the Iron Chalcogenide 
The iron chalcogenide can be synthesized with multiple methods. The bulk 
materials have already been synthesized by several groups. The process can also been 
applied to prepare target for PLD deposition. In this part we will illustrate the solid state 
reaction with the raw elements of Fe and Se to synthesize the tetragonal phase 
superconducting FeSe.  
 21 
 
Due to the intrinsically Se deficient nature of the superconducting FeSe, the 
superconductivity in tetragonal FeSe is very sensitive to stoichiometry and disorder. In 
addition the FeSe is also sensitive to the oxygen and moisture. McQueen et al. [40] 
reported a reproducible thermal process for fabrication of bulk samples. In their method 
samples were prepared from freshly high purity iron pieces and selenium shots with 
slightly Fe rich (Fe1.06Se), and were sealed in vacuum silica tubes with a piece of cleaned 
carbon to prevent the oxidation of the FeSe. The tube was sealed by another Si ampoule 
and placed in the furnace with temperature of 750 °C and then increased to 1075°C for 3 
days, followed by a fast cooling down to 420 °C and held for 2 days before quenched in 
-13 °C brine for reproducible result. The quench was required to keep the high 
temperature tetragonal phase according to the phase diagram in Figure 1. 9. 
 
 
Figure 1. 9 Phase diagram of FeSe. Below 300 °C, tetragonal Fe1+δSe slowly converts to 
hexagonal FexSe with NiAs structure without superconducting properties above 1.8 K.  
 22 
 
In addition FeSe can also be synthesized by the diffusion method reported by 
Gao et al.. In this method, proper amounts of Se powder and pure iron wires and tapes 
(4–6 cm pieces) after cleaning were sealed into an iron tube as raw materials. Then the 
temperature was raised between 400 and 800 °C for 8 to 12 h for the reaction between 
these wires and tapes with Se vapor. The final products were wires and tapes covered 
with FeSe layer from several microns to about 0.1 mm thick, depending on the process 
and the amount of Se powder. The FeSe layer can be easily peeled off from the wires 
and tapes.  
For the single crystals growth, a technique of convective solution transport using 
KCl as solvent at 840-790 °C is developed using a vertical tubular wire wound furnace 
with high temperature bottom zone and a gradually reducing upward gradient [68]. This 
furnace helps the dissolution of FeSe in KCl at the bottom portion of the crucible and the 
FeSe can be transported upward by convection and crystallized in the top portion of the 
solution at low temperature. By controlling the temperature and cooling process, big 
crystals can be obtained in a relatively short period.  
The covalent doped iron chalcogenide can also be made by solid state reaction. 
Sales et al. reported the Bridgeman method to prepare Fe1+yTexSe1+x [69]. In this method 
stoichiometry mixture of Fe pieces (99.99 wt. %), Te shot (99.9999 wt. %), and Se shot 
(99.9999 wt. %) were sealed in vacuum silica Bridgeman ampoule. The elements were 
kept melt together at 1070 °C for 36 h and then cooled down to 350–750 °C at rate from 
3 to 6 °C/h, followed by furnace cooling. Typically over half of the resulting boule was 
single crystal which could be easily cleaved perpendicular to the c axis.  
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1.2.2 Doping Effect 
Depending on the elemental composition, synthesis process including 
temperature and pressure iron chalcogenides can form several types of crystal structures. 
Up to now, three PbO-type binary chalcogenide compounds, FeS, FeSe, and FeTe [25, 
55, 70] have been reported. FeTe is the most stable phase among them, and the single 
phase can be synthesized by a solid-state reaction method [71]. With decreasing radius 
of chalcogens ions, the tetragonal structure tends to be unstable.  
The binary iron chalcogenide can also be doped with the other chalcogens. The 
highest Tc appears in FeTe1-xSex with x close to 0.5, which has the tetragonal structure 
without structure transition from tetragonal structure to the orthorhombic at low 
temperatures compared to the Se-rich phase (0.5 ≤ x ≤ 1). However, pure FeTe with 
transition from tetragonal structure to monoclinic structure along with the appearance of 
long-range antiferromagnetic (AFM) ordering at low temperature, does not show 
superconductivity. However a theoretical calculation suggested the higher stability of 
magnetism and a higher Tc for tetragonal FeTe than that of FeSe and FeS [60].  
Fe1-δTe1-xSex 
The end members FeSe and FeTe have quite different physical properties. Figure 
1. 10 shows the resistivity vs. temperature measurement of FeSe and FeTe. FeSe shows 
monotonic decreasing of resistivity and undergoes a superconducting transition at Tconset 
around 13 K. In contrast, FeTe shows AFM ordering around 70K where the resistivity 
anomaly appears and with superconducting transition. [27, 72, 73] 
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Figure 1. 10 Temperature dependence of resistivity of FeSe and FeTe. FeSe shows 
metallic behavior with superconducting transition at low temperature. In contrast, FeTe 
exhibits AFM ordering around 70K without superconductivity. 
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Figure 1. 11 Temperature dependence of resistivity for FeTe1-xSex as a function of 
composition. 
 
Different compositions were tested for the Fe1-δTe1-xSex system to establish a 
phase diagram. Figure 1. 11 shows the temperature dependence of resistivity for FeTe1-
xSex. [27] The broad superconducting transitions imply the coexistence of FeSe and 
FeTe corresponding to the mixed region (A+B) in the composition dependence of lattice 
constants of a and c plotted at around x = 0.7-0.95 in Figure 1. 12 [27, 72, 73]. The FeSe 
undergoes a structure transition from tetragonal to orthorhombic structure, and the 
structural transition is suppressed when doped with Te. Close to x = 0.5 in the FeTe1-xSex 
system, the structure transition disappears. With further Te doping, the system exhibits 
AFM order from short range to long range [74].  
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Figure 1. 12 Composition dependence of lattice constants a and c. The miscible region 
exists with x = 0.05 - 0.3 in Fe(Se1-xTex)0.82. [72] 
 
According to the magnetization of zero-field cooling (ZFC) and field cooling 
(FC) for the single crystals Fe1+δTe1-xSex, the phase diagram of Fe1+δTe1-xSex was 
established as shown in Figure 1. 13. The tetragonal to orthorhombic structure transition 
observed in FeSe is suppressed with by Te doping. The highest Tc appears at the 
tetragonal phase close to x = 0.5. With further increase of Te concentration, the Tc 
decreases along with the AFM ordering as well as the tetragonal to monoclinic structure 
transition, and the superconductivity disappears. 
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Figure 1. 13 Phase diagram of Fe1-δTe1-xSex. 
 
Besides Tc, the critical current density is another important parameter to evaluate 
the superconductor for practical applications. Yadav et al. reported transport and 
magnetic studies on high-quality FeTe0.60Se0.40 single crystals to determine the critical 
current density (Jc) as shown in Figure 1. 14. They calculated Jc from the magnetic 
hysteresis loop up to 12 T at various temperatures using the Bean model and the 
magnetic hysteresis loop shows a fishtail shape which indicates the weak or non-
superconducting phases. Low anisotropic in the ‘ab’ and ‘c’ directions and very high 
upper critical field were found in this system. [59] 
 28 
 
 
Figure 1. 14 The magnetic hysteresis loop measured up to the 12 T field for (a) the H || 
ab plane and (b) the H || c-axis. The field dependence of the critical current density Jc at 
different temperatures is plotted on the log-log scale for (c) the H || ab-plane and (d) the 
H || c-axis. [59] 
 
FeTe1-xSx 
S-substitution for Te suppresses AFM ordering and induces superconductivity in 
FeTe. [61] The resistivity vs. temperature (R-T) measurement and magnetic 
susceptibility measurement for nominal Fe1.08Te, FeTe0.9S0.1, FeTe0.8S0.2 indicate 
superconductivity at Tconset ~ 10 K and the phase diagram of FeTe1-xSx was built 
accordingly. In FeTe1-xSex the S substitution for Te suppresses AFM ordering in FeTe 
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and induces superconductivity. Although zero resistivity was observed in the solid-state 
reacted FeTe1-xSx samples, the superconducting volume fraction was less than 20% 
estimated from the susceptibility measurement of FeTe0.8S0.2, which indicates the 
inhomogeneity of the sample or the S was not doped sufficiently. Solid reaction method 
allows the synthesis of an almost pure iron chalcogenide single phase, however, solid-
state reacted FeTe1-xSx shows only filamentary superconductivity due to the solubility 
limit of S into the Te site because of the ionic radius difference between S and Te [75]. 
Moisture can also induce superconductivity in FeTe1-xSx with a broad onset of 
the superconducting transition soon after synthesis. In addition, the Tconset and 
superconducting volume were dramatically improved by exposing to the air. [76] The 
Tczero of FeTe0.8S0.2 appeared a few days after and reached 7.2K 110 days later along with 
enhancement of the superconducting volume fraction to 48.5% according to the 
susceptibility measurement. Recently, the oxygen annealing at 200 °C was reported to 
induce superconductivity in FeTe0.8S0.2 [77] In addition, the oxygen-annealed FeTe0.8S0.2 
shows a sharp superconducting transition with high superconducting volume fraction 
close to 100% and a broad hump was observed around 60K in the R-T plot after oxygen 
annealing, in FeTe1-xSx. 
FeSe1-xSx 
The S or Se substitution for Te suppresses the AFM ordering in FeTe and 
induces superconductivity. However the effect of the S substitution in FeSe was not so 
obvious. The Tc slightly increases which may be because of the suppression of the 
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structure transition from tetragonal to orthorhombic in FeSe. [27] However, the Tc is 
suppressed above x = 0.2, and zero-resistivity state is not achieved in FeSe0.6S0.4.  
Fe1-xMxSe  
Besides the covalent doping, the iron chalcogenides can also be doped with 
different metals into the iron site with a significant effect on the superconducting 
properties. Wu et al. [78] reported the substitution effect of metals including Al, Ti, V, 
Cr, Mn, Co, Ni, Cu, Ga, In, Ba and Sm in superconducting tetragonal FeSe1−x with a 
doping level below 10 at.%. It was reported that iron can be doped by Co up to 50 at.%, 
and superconductivity disappears for tetragonal FeSe1−x with doping level above 2.5 
at.% [79]. However, Mizuguchi et al. reported for Tconset of 10 and 5 K in Fe1−zCozSe1−x 
with z equal to 0.05 and 0.1, respectively [27]. Zhang et al. [53] reported the lack of 
superconducting transition down to 2K in Fe0.96Ni0.04Se1−x. In contrast, Mizuguchi et al. 
[27] reported Tconset at 10K in Fe0.95Ni0.05Se1−x without zero resistance showing up. 
Although the solubility of Cu in the FeSe1−x is up to 20–30 at.%, only Fe1−xCuxSe1−x with 
doping level x < 0.02 exhibits superconductivity while those with x > 0.03 show 
semiconductor like properties [49, 78, 80]. Based on the above studies, it is concluded 
that metal substitution such as Co, Ni and Cu strongly suppresses the superconducting 
properties of tetragonal FeSe1−x. There is only one exception, e.g., Mn substitution 
increases the Tc at a low doping level of 2 at.% [81] and only slightly changed the Tc 
value at 30 at.% [49].  
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KxFe2Se2  
The anion height which is the distance between the chalcogens atoms and the Fe 
plane in each iron layer is an important parameter affecting the Tc [82]. It can be changed 
by altering the ratio of Se to Te or by external pressure. Tconset of FeSe increases to 37K 
under 4.5 GPa pressure. In addition intercalation of alkaline metal ions, such as K+ [52], 
Rb+ [83] and Cs+ [84] between the Fe2Se2 layer was reported to enhance the Tc above 30 
K which is the highest record among the iron chalcogenides under ambient pressure up 
to now. However this enhancement is associated with a structural change from ‘11’-type 
(P4/nmm) to 122-type (I4/mmm). Figure 1. 15 shows the crystal structure of KxFe2Se2. 
The c axis parameter is 7.0184Å in comparison with 5.518Å in tetragonal FeSe1−x. The 
Fe–Se bond length also increases by 2.15%. 
 
Figure 1. 15 Crystal structure of KxFe2Se2 where Fe, Se and K atoms are shown in blue, 
purple and gray, respectively.  
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The anion height and Se–Fe–Se bond angles for KxFe2Se2 seem to be closer to 
the optimum values (1.38Å and 109.47°) for iron-based superconductors [82]. The other 
possible reason for the superconductivity in KxFe2Se2 is alkaline ions deficiency which 
corresponding to the hole doping effect.  
1.2.3 Pressure Effects 
FeSe  
The iron chalcogenide will response to the high ambient pressure, among them 
FeSe shows the most significant pressure effect. The Tconset and Tczero of FeSe bulk at 
ambient pressure are 13 and 8.5 K, respectively. The Tconset dramatically increases from 
13 K at atmospheric pressure to 27 K at 1.48 GPa as shown in Figure 1. 16. [28]. At the 
beginning of the pressure effect study piston–cylinder cell was first to be used to apply a 
hydrostatic pressure up 1.48 GPa. The transition becomes sharper at 0.42 GPa and then 
get broaden although the Tconset and Tczero are both pushed higher. The external pressure 
can be further increased using a diamond-anvil cell, the Tconset reaches maximum of 37 K 
when gradually increase the pressure to 6.6 GPa [31, 37]. Somehow the Tczero can not be 
achieved under the high pressure. The Tc of 37 K is only lower than 39 K of MgB2 and 
38 K of Cs3C60 under high pressure among the binary superconductors. [85, 86] An 
indenter cell was used to precisely measure the pressure dependence of resistive 
transition to get both Tconset and Tczero. The Tconset and Tczero change along with the 
increasing applied pressure are plotted in Figure 1. 17. [87] In this measurement, the 
transition becomes sharper around 0.5 – 1 GPa indicated by the narrower distance 
between Tconset and Tczero in Figure 1. 16. The Tc increases up to 37 K above 4.15 GPa. 
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Figure 1. 16 Temperature dependence of resistivity for FeSe under pressure up to 1.48 
GPa. 
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Figure 1. 17 Pressure dependence of Tconset and Tczero for FeSe. 
 
High pressure crystal structural analysis of FeSe was performed using 
synchrotron x-ray diffraction. [31, 37] Change of structure parameters pressure is 
summarized in Figure 1. 18. The lattice parameters a, b and c and the Fe–Se bonding 
distance shrink monotonously with increasing pressure. The Se–Fe–Se angle (α angle) 
decreased from 104.53° to 103.2° with increasing pressure from 0.25 GPa to 9.0 GPa. 
The highest Tc value does not appear near α ~ 109.47° in regular tetrahedron, which is 
deviated from what had been predicted for LaFeAsO system [88]. 
The Se height decreased sharply around 1 GPa, and got the minimum value of 
~1.42Å around 4 – 6 GPa associated with significantly increases of Tc as illustrated in 
the pressure dependence of the Se height and Tc in Figure 1. 21. As shown in the inset of 
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Figure 1. 18 (e), external pressure above 6 GPa induces the structure transition from 
orthorhombic to hexagonal transition, which decrease the Tc.  
 
Figure 1. 18 Crystal structural parameters of FeSe under high pressure: (a) Fe–Se 
distance, (b) Se–Fe–Se angle, (c) Se height from Fe layer, (d) lattice constants a, b, and 
c, (e) volume, (f) crystal structure of FeSe. The inset in (e) shows the pressure 
dependence of orthorhombic FeSe fraction. [37] 
 
FeTe1-xSex 
FeTe1-xSex has the highest Tc among the Fe chalcogenide superconductors at 
ambient pressure. FeTe1-xSex also shows positive pressure effect as FeSe. [89-91] Figure 
1. 19 (a) shows the plot of resistivity versus temperature for Fe1.03Te0.43Se0.57 under 
external pressure up to 11.9 GPa. Figure 1. 19 (b) presents a pressure versus temperature 
phase diagram for Fe1.03Te0.43Se0.57. The Tc decreases in the pressure region around 2 – 3 
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GPa due to orthorhombic-monoclinic transition. Furthermore in the composition close to 
the AFM ordered, the FeTe0.75Se0.25 shows a positive pressure effect. Superconducting 
volume fraction as well as the Tc was enhanced with increasing pressure. [75] 
 
 
 
 
Figure 1. 19 (a) Temperature dependence of resistivity for Fe1.03Te0.43Se0.57 under high 
pressure up to 11.9 GPa. (b) Pressure vs. temperature phase diagram of Fe1.03Te0.43Se0.57. 
[89] 
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Figure 1. 20 Pressure dependence of Tconset for the Fe-chalcogenide superconductors. 
 
1.2.4 Anion Height Dependence of Tc 
Various pressure effects of the Fe-chalcogenide superconductor with different 
composition are summarized in Figure 1. 20. The pressure dependence of 
superconductivity can be correlated with the local structure. The anion (Se or Te) height 
from the Fe layer is strongly coupled with the Tc of iron-based superconductors. 
Theoretical study suggests the nodeless high Tc and nodal low Tc pairings are controlled 
by the anion height [92]. Figure 1. 22 (a) presents the anion height dependence of Tc for 
the iron-based superconductors. Figure 1. 22 (b) shows a schematic diagram of anion 
height in the Fe layer. The data points are for the highest Tc in the corresponding system 
with the valence of Fe close to 2+ [82]. The anion height dependence of Tc shows a peak 
around 1.38 Å in the symmetric hand-fitting curve.  
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Figure 1. 21 Pressure dependence of Tc and Se height from the Fe layer. 
 
Interestingly, FeSe under high pressure above 2 GPa agrees with the curve which 
indicates an intrinsic superconductivity under high pressures. 
According to the curve, the data point of FeTe0.43Se0.57 with optimal Tc around 23 
K at ambient pressure should have anion (Se/Te) height of 1.45 Å. In fact, the anion 
height is much higher at the optimal pressure with a value of 1.598 Å. The anion site 
disorder exists in FeTe1-xSex which is verified by high-resolution x-ray diffraction for 
FeTe0.56Se0.44 that the anion heights of Te and Se are quite different with a ΔhTe-Se = 0.24 
Å. [93] Thus, a greater understanding of anion height dependence of the 
superconductivity in iron-based superconductors requires a more detailed microscopic 
analysis. 
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Figure 1. 22 (a) Anion height dependence of Tc of the typical iron-based 
superconductors. Filled and open marks indicate the data points at ambient pressure and 
under pressure, respectively. (b) Schematic image of the anion height from the Fe layer. 
 
1.3 Iron Chalcogenide Thin Films 
1.3.1 Properties Comparison to Bulk 
For the iron-based superconductor with layered structure, compared with its bulk 
counterpart, superconductor thin film has a great potential in developing the ordered 
quasi-2D structure and is suitable for coating technology which has already been applied 
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in YBa2Cu3O7-x coated conductors [56]. In addition, the high quality epitaxial thin film is 
an ideal template to do comparison study with the theoretical calculation.  
After the discovery of iron-based superconductors, because of higher Tc of iron 
pnictides, a lot thin film researches have been carried out for the pnictides system such 
as the ‘122’ iron based superconductors [94-96]. The Tc of the FeSe or FeTe1−xSex thin 
films was not as good as the single crystals due to the epitaxial quality of the thin films 
[45, 55, 97-100]. Only recently, higher Tc has been achieved in thin films than in bulk 
[47, 63, 101, 102]. Even for the bulk FeTe considered to be non-superconducting the 
epitaxial FeTe superconducting thin films have been demonstrated by strain effect [103] 
and oxygen incorporation [104, 105].  
1.3.2 Control of the Thin Film Growth 
The growth condition is found to be critical for the superconducting properties of 
the thin film. FeSe, FeTe, FeTe1−xSex and FeTe1−xSx superconducting thin films have 
been successfully deposited by PLD, and the superconducting properties are very 
sensitive to the film composition.  
FeSe thin films 
Nie et al. reported tetragonal phase FeSe films with different thickness deposited 
on MgO, SrTiO3 and LaAlO3 substrates by PLD [45]. They found better 
superconducting properties with Tconset ∼ 8K in the thin film on LAO substrate with 
lattice mismatch of 0.64% and thick films on MgO And STO substrates in tensile strain 
state with lattice mismatch of 3.7% and 12%. They claim in the latter case the strain and 
stress on MgO and STO substrates was relaxed above a critical thickness of ~50 nm, so 
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they concluded that the superconductivity of the FeSe films was suppressed by the 
tensile strain. However, in this study only Tconset shows up without the Tczero down to 4K, 
which indicated that film growth was not optimized.  
Han et al. have reported epitaxial FeSex films with x = 0.80, 0.84, 0.88 and 0.92 
on LAO substrates deposited by PLD. higher Tconset ∼12 K was found for x = 0.88 and 
0.92 although Tczeros are below 4 K [55].  
Wang et al. have demonstrated FeSe films with Tczero around 4 K on MgO 
substrates [54]. FeSe thin films with various thicknesses and two deposition 
temperatures 320 °C as LT-FeSe and 500 °C as HT-FeSe have been deposited on MgO 
substrate. XRD shows with higher deposition temperature the dominant peak that change 
from (001) peak in LT-FeSe to the (101) peak in HT-FeSe as shown in Figure 1. 23 (a) 
and also the film orientation is confirmed by the high resolution transmission electron 
microscopy (HRTEM) image. The R-T plots for the films deposited at different 
temperatures are shown in Figure 1. 23 (b). Although the preferred orientation in favor 
of superconducting properties is the growth along the c axis, Tczero of (101) oriented HT-
FeSe films is about 4K, while (100) oriented LT-FeSe films only have Tconset at 2K 
without zero resistance shown. Thickness dependence of the Tc reveals only thick LT-
FeSe films are superconducting. Low-temperature XRD measurements at 80K indicate 
low-temperature structural distortion in the HT-FeSe and thicker LT-FeSe which is 
strongly correlated with the existence of superconductivity in the FeSe system. In the 
thinner LT-FeSe films most likely the structural distortion is suppressed by this strain 
effect while the effect is relaxed above the critical thickness in the thicker film.  
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Figure 1. 23 (a) XRD plots and (b) R-T plots for both LT- and HT-FeSe films [54] 
 
Chen et al. have reported FeSe thin films deposited on LAO, STO, MgO, Si(100) 
and amorphous SiOx substrates at 320 °C by PLD [97]. The Tczero is only shown on LAO, 
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STO and MgO and not presented for the Si(100) and amorphous SiOx substrates down to 
2 K although from the XRD the tetragonal phase is confirmed [97].  
Recently, Jourdan et al. reported higher Tczeros (∼6.5 K), in FeSe 
superconducting thin films made by MBE deposition on YAlO3(110) with a mismatch of 
2.5 % and 1.8 %. [101].  
Chen et al. have reported tetragonal phase FeSe thin films grown on STO (001) 
and MgO (001) at various substrate temperatures with post annealing by PLD. The 
critical transition temperature of the thin films ranges from 2 K to 11.5 K depending on 
the deposition temperature and annealing condition. The samples with higher critical 
transition temperatures show self-assembled Fe3O4 nanoparticles in the films according 
to both XRD and TEM analysis. The formation of Fe3O4 nanoparticles could assist the 
formation of the tetragonal FeSe phase by consume the extra Fe due to the loss of the Se 
element during the PLD and thus lead to the enhanced superconducting properties [100].  
Jung et al. reported films with thickness over 1μm grown on Al2O3 (0001), 
SrTiO3 (100), MgO (100) and LaAlO3 (100) substrates by PLD at temperature as high as 
610 °C with Tczero of 8.2 K. The film orientation is along the (101) direction as the HT-
FeSe on MgO substrate, which is responsible for the high Tc comparable to the bulk and 
much higher than the previous FeSe films [106]. One interesting phenomenon is the low 
resistivity for the film on the STO substrate, which may be originated from the oxygen 
vacancy in STO due to oxygen reaction with Fe elements. Jung et al. also estimated 
upper critical field Hc2 (0)s to be 58 T, 56 T, 50 T and 57 T for films deposited on Al2O3 
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(0001), SrTiO3 (100), MgO (100) and LaAlO3 (100) substrates, respectively, using a 
Tconset and a linear extrapolation [106].  
With the sophisticated control of the thin film growth, very recently Wang et al. 
reported high Tc in one or several unit-cell (UC) thick FeSe films grown on STO (001) 
substrate by MBE. The transport measurement shows that Tconset is above 50 K as shown 
in Figure 1. 24 and perhaps as high as 77 K. [107] 
 
Figure 1. 24 (a) Temperature dependence of square resistivity (𝑅sq) of a 5-UC-thick FeSe 
film on insulating STO(001) surface from 0 to 300 K. Upper inset: 𝑅sq - 𝑇 curves under 
magnetic field up to 15 T along the 𝑐-axis. Lower inset: the 𝑅sq - 𝑇 curve from 0 to 80 K. 
 
FeSe0.5Te0.5 thin films 
Since FeSe0.5Te0.5 has been considered the optimum composition with the highest 
Tc, many groups carried out research on the FeSe0.5Te0.5 thin films.  
Si et al. grown high quality superconducting FeSe0.5Te0.5 thin films by PLD with 
Tc significantly higher than bulk [102]. Figure 1. 25 (a) shows a θ–2θ scan of the film on 
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STO (100) substrate. As shown in the Figure 1. 25 (b) and (c), the preferred out-of-plane 
orientation of the film is FeSe0.5Te0.5 (001) direction which is also confirmed by the 
cross-sectional HRTEM image. The φ-scan of the (112) peaks for the film and the 
substrate in Figure 1. 25 (b) and (c) indicate a four-fold symmetry which indicates the 
film is well aligned on the STO substrate. The film a lattice parameter is around 0.3806 
nm comparable to the bulk value, but c varies from 0.584 to 0.594 nm which is shorter 
than the bulk value. Transport properties were measured for the 100 nm FeSe0.5Te0.5 
films, some of the films have Tc around 17 K much higher than those of the bulk.  
 
 
Figure 1. 25 (a) θ–2θ and (b) φ-scan of the (112) peak for FeSe0.5Te0.5 thin film on STO 
substrate, (c) φ-scan of the FeSe0.5Te0.5 (112) peak [102]. 
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Si et al. reported higher Tconset up to 20K and Tczero up to 17 K in FeSe0.5Te0.5 
films on LAO and STO substrates. The unit cell volume of the film shrinks 2% 
compared with the bulk, which is similar to the pressure effects to enhance the Tc [31]. 
Most commonly, both a and c parameters of the tetragonal structure decrease under 
hydrostatic pressure. However in some case such as seen in CaFe2As2 [108] the c 
decreases and at the same time a increases a little bit. The FeSe0.5Te0.5 film is similar to 
the CaFe2As2 under pressure, in which the c axis parameter shrinks and the ab lattice 
parameters remain nearly unchanged. They attributed the shrinkage of c to some vacancy 
due to the oxygen residue in the chamber. 
Bellingeri et al. have reported Tconset up to 21 K in the 200 nm epitaxial 
FeSe0.5Te0.5 thin films on various substrates and they attributed the enhancement to the 
compressive strain state induced by the growth mode [47, 63]. They found that the c-axis 
lattice constant for the film is always smaller than the bulk value and the a-axis 
parameter which is also smaller than the bulk value strongly depend on the film 
thickness and can be correlated with the Tc change as shown in Figure 1. 26 (a) and (b). 
Smaller in-plane lattice parameter in the film indicates the film is under compressive 
strain regardless of the film substrate matching relationship. The growth model is studied 
by atomic force microscopy measurements that is the isolated islands form during the 
initial stage of FeSe0.5Te0.5 film growth and in the post coalescence stage it will generate 
compressive strain. Figure 1. 27 (a) shows the Tc dependence on the compressive strain 
in the FeSe0.5Te0.5thin films. From the a, c and z values, the length d and the angle α of 
the Fe–(Se, Te) bond were calculated. In Figure 1. 27, higher Tc shows in the samples 
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with the structure close to a regular tetrahedron with bond angle of 109.47°, and the 
bond length is ~ 2.40 Å.  
 
Figure 1. 26 The thickness dependence of (a) a-axis lattice constant and (b) Tc values for 
the FeSe0.5Te0.5 films. (c) R-T plots of FeSe0.5Te0.5 films with various thicknesses on 
LAO substrates [63]. 
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Figure 1. 27 Tc dependence on (a) the in-plane lattice constant a, (b) the Fe–(Se, Te) 
bond length and (c) (Se, Te)–Fe–(Se, Te) bond angle. The stars represent the bulk values 
[63]. 
 
Since in most studies the oxide substrates were used, Tsukada et al. also argued 
that the oxygen contamination during film growth is very important to the thin film 
lattice parameters [109]. With CaF2 (100) substrates the FeSe0.5Te0.5 thin films have Tc 
higher than 15K, however the c-axis lengths are longer (>5.94 Å) and the a-axis lengths 
are shorter (∼3.78 Å) [63]. The Jc at 10 K was one order of magnitude higher than that 
of FeSe0.5Te0.5 crystal and the Jc decreases very slowly under magnetic field [109]. 
FeTe thin films 
According to a density functional calculation, FeTe as the parent compound of 
the ‘11’ system is supposed to have the highest Tc among ‘11’ family [60], however the 
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bulk FeTe is not superconducting instead it experiences an AFM transition at about 70K 
along with a structure transition from tetragonal to monoclinic.  
However for the thin film Han et al. have observed superconducting FeTe films 
with Tc of 13K under tensile epitaxial strain [103]. The target used in this study has with 
nominal composition of FeTe1.4 and the thin films were deposited 2 × 10
−4 Pa on LAO, 
MgO, STO and LSAT substrates at 500–580 °C. Resistivity versus temperature plots for 
both the bulk FeTe and the FeTe thin film on MgO substrate were presented in Figure 1. 
28. The anomaly corresponding to the AFM transition is suppressed and 
superconductivity appears with Tconset of 13 K in the thin film on MgO and they attribute 
it to the tensile strain and stress from the substrate/film mismatch. 
 
Figure 1. 28 Temperature dependence of resistivity of FeTe for the polycrystal and thin 
film on MgO.  
 
Si et al. also reported superconducting FeTe thin films induced by PLD 
deposition in a controlled oxygen atmosphere [104]. The deposition temperature was ~ 
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400 °C. They found the Tconset around 10 K in the FeTe thin films deposited with base 
pressure of 2 × 10−7 Torr which did not exclude the possibility of oxygen incorporation 
into the films due to the oxygen residual in the chamber. Later on they intentionally 
deposited the thin film with oxygen pressure of 10−4 Torr and Tconset of ~ 12.5K and Tczero 
of ∼7.5 K was observed in the deposited thin film. These films may contain oxygen and 
the superconductivity may be induced by the oxygen substitution of Te and it is also 
possible the oxygen goes to the interstitial site to reduce the excess Fe that creates 
localized magnetic moments. One possibility is that a phase separation at low 
temperatures, which is supported by the simultaneous observation of the AFM transition 
and superconductivity similar to the observation in SmFeAsO1−xFx [110] and 
Ba1−xKxFe2As2 [111]. Figure 1. 29 shows the R-T plot for the Fe1.08Te : Ox thin film. The 
film has a bump at 60 K in the R-T plot corresponding to the structure and AFM phase 
transitions which was observed in bulk at 70 K.  
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Figure 1. 29 R-T plot of the FeTe:Ox film on STO substrate. The inset shows the 
comparison of the FeTe films deposited in oxygen and under vacuum [104]. 
 
Si et al. also took the resistance vs. temperature measurements under magnetic 
field up to 9 T along the c-axis of the FeTe. The irreversibility line Hirr(T) and the upper 
critical field Hc2(T) were estimated to be ∼200 T from the Tconset [104]. 
Nie et al. have also reported that superconducting FeTe films induced by oxygen 
incorporation in a reversible manner [105]. The deposition was done at 380 °C with base 
pressure of 2 × 10−7 Torr. The nonsuperconducting as-deposited films show 
superconductivity after being exposed to the air. Later, the as-deposited films were 
annealed under multiple conditions: 100 °C in 100 mTorr oxygen, carbon dioxide, 
nitrogen, in 40 °C water and 2×10−7 Torr vacuum. The superconductivity in FeTe films 
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can be only induced in oxygen annealing, as shown in Figure 1. 30 (a) – (f). 
Furthermore, the superconductivity can be removed or induced by vacuum or oxygen 
annealing in a reversible manner as shown in Figure 1. 30 (g).  
 
Figure 1. 30 R-T plots for (a) as- deposited FeTe films, and films annealed in (b) O2, (c) 
N2, (d) CO2, (e) vacuum and (f) water. (g) Reversible superconductivity after oxygen and 
vacuum annealing cycle [105]. 
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1.3.3 Iron Chalcogenide in Coated Conductor 
Towards the practical high-field application, coated conductor technology was 
applied in the iron chalcogenides with high Jc under magnetic fields up to 25 T and even 
the simplification of coated conductor technology on amorphous substrate was 
demonstrated as shown in Chapter V and VI [67, 112-114].  
Currently low temperature superconductor Nb3Sn is still the dominant 
superconductor material used for high-field applications up to 20 T at 4.2 K [115]. High 
temperature superconducting (HTS) wires have gone through a revolution in the past 
two decades. The “first generation” (1G) powder-in-tube (PIT) HTS wires are based on 
the traditional wire drawing of the Bi2Sr2Ca2Cu3O10+x (BSCCO) (Tc = 112 K). However 
the grains in the wire are not well aligned which results in low Jc and also the cost is 
relatively high due to the use of silver in these superconducting wires. [116] The “second 
generation” (2G) HTS coated conductor wires are based on the high quality epitaxial 
growth of YBa2Cu3O7–δ (YBCO) films on either rolled textured metal substrates 
(RABiTS) [117] or the ion-beam-assisted deposition of highly textured template (IBAD) 
on metal substrates [118-120].  
Generally YBCO and other HTSs still have higher Jc than the iron chalcogenides, 
but their applications are hindered by high processing costs. In the above two 
generations of HTS wires, either highly epitaxial template for the growth of YBCO film 
at around 800 °C with the oxygen annealing afterwards, or rolling and post-heat 
treatment for the case of highly textured BSCCO wires is required. In contrast lower 
manufacturing cost was expect the for the iron chalcogenide coated conductors; the 
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processing temperature is as low as ~ 400°C without oxygen annealing which can also 
prevent the oxidation of the metal substrate.  
In addition to the high cost to process the HTS such as YBa2Cu3O7 (YBCO), 
other problems which limited its applications include high anisotropy and brittle texture. 
In comparison, the extremely high Hc2 and moderate anisotropies with Hc2ab/Hc2c ~ (1 – 
8) in the iron chalcogenide makes it suitable for high-field applications.  
Another challenge for the HTSs is the sharp drop of Jc across the misaligned 
grains. It was reported the high angle grain boundaries significantly reduced Jc in 
Ba(Fe1−xCox)2As2 [121]. This may not be as severe as that in FeSe0.5Te0.5 suggested by 
the superconducting properties of the FeSe0.5Te0.5 growth on amorphous substrate with 
highly out of plan texture while without long order in plane texture [112].  
Towards the practical application the Fe(SeTe) wires were made by the power-
in-tube method [122, 123], however the critical current density is still not high enough 
for the practical application. Very recently, IBAD epitaxial MgO coated Hastelloy 
substrates were used to grow high quality FeSe0.5Te0.5 tapes with excellent in-field 
performance with nearly isotropic Jc at 4.2 K [67]. The films demonstrated on IBAD 
substrate involve multiple steps of seed layer and buffer layer deposition to establish the 
epitaxial growth template for the following iron chalcogenide growth. First, Y2O3 layer 
was coated on Hastelloy to reduce the surface roughness, then IBAD MgO layer was 
deposited to create the cubic template [118-120].0 Although the Tconset is almost the 
same, the IBAD film has a lower Tczero of ∼11 K than the bulk of ∼14 K, which could be 
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related to the defects caused by mismatch between the MgO substrate and the 
FeSe0.5Te0.5 film [67]. 
Figure 1. 31 shows the Jc dependence on magnetic field for the films on LAO and 
IBAD substrates at different temperatures. In both films, Jc is nearly isotropic at 4 K, 
indicated by the solid (H||c) and void (H||ab) data point. The Jcself-field of films on LAO at 
4 K is ∼5 × 105 Acm−2 and still above 1×104 Acm−2 up to 35 T. The Jc decreases slowly 
under magnetic field. The self-field Jc of films on IBAD is 2 × 105 Acm−2 at 4K, the Jc 
which is slightly lower than film on LAO and Jc decreases quickly above 20 T with a Jc 
of 1 × 104 Acm−2 at 25 T.  
Since MgO has a cubic lattice constant of 4.11 Å much larger than the ab lattice 
constant of FeSe0.5Te0.5 of 3.81 Å, later on CeO2 with much closer lattice matching 
constant (cubic, a=5.41/ √2 ~3.82 Å) with FeSe0.5Te0.5 has been used as buffer. Recent 
study indicates CeO2 buffer can significantly improve the Tc and Jc of epitaxial 
FeSe0.5Te0.5 films. The highest Tc for the film with a CeO2 buffer layer is ~20 K for 
Tconset and ~18 K for Tczero. The nearly isotropic Jc is as high as 1MAcm-2 for self-field 
and remains as high as 105Acm-2 up to 30 T at 4.2 K. These properties show that 
FeSe0.5Te0.5 thin film is promising for high-field magnets at liquid helium 
temperatures.[114] 
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Figure 1. 31 Jc of FeSe0.5Te0.5 films on (a) LAO substrate and (b) IBAD coated 
conductor at various temperatures with magnetic field parallel (open) and perpendicular 
(solid ) to the c-axis (tape surface) [67]. 
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Figure 1. 32 Pinning force analysis for a FeSe0.5Te0.5 film grown on RABiTS. (a) Fp at 
4.2 K of a FeSe0.5Te0.5 film grown on a RABiTS substrate, compared with the literature 
2G YBCO wire, Nb-Ti and Nb3Sn. Solid lines are Kramer’s scaling approximations. (b) 
Kramer’s scaling approximations for a FeSe0.5Te0.5 film grown on a RABiTS substrate at 
various temperatures with field perpendicular (solid symbols) and parallel (open 
symbols) to c-axis. [114] 
 
FeSe0.5Te0.5 film on RABiTS substrate presents superior high-field performance 
above 20 T compared to the YBCO wire [124], thermo-mechanically processed Nb47Ti 
alloy [125, 126] and small grain Nb3Sn wire [127, 128], as shown in the field 
dependence of the volume pinning force Fp in Figure 1. 32. 
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In Figure 1. 32, the Kramer’s scaling law approximation fp ∼ hp(1 − h)q is shown 
for a FeSe0.5Te0.5 film grown on a RABiTS substrate at various temperatures with the 
H||c and H||ab, where fp = Fp / Fp max is the normalized pinning force and h = H/Hc2 is 
the reduced field. For all temperatures and both field directions the data points all fall 
approximately on the Kramer’s scaling law approximation. The high field term q which 
describes the reduction of the superconducting order parameter is found to be equal to 2 
[129]. The low-field term p was found to be ∼ 0.5 in Nb3Sn and YBCO and the Fpmax 
can not be enhanced by the pinning center density anymore because flux swiping by 
shearing the vortex lattice instead of de-pinning [130]. In contrast p is found to be ~ 0.85 
(h0.85) in FeSe0.5Te0.5 which indicates point-defect core pinning mechanism [129]. The Fp 
is the product of the individual Fp times the pinning center density for the point defects 
pinning. This suggests there is still room to enhance the in-field performance of 
FeSe0.5Te0.5 by adding more point defects as pinning centers. The ideal pinning points’ 
density in FeSe0.5Te0.5 is pretty high according to the short coherence length of 1–3 nm. 
The mechanism for the high Jc values in the film with the CeO2 buffer layer is 
still under investigation. The enhanced critical current density was also observed with 
CeO2 interlayer. This study suggested the CeO2 inter layer introduced more defects at 
the interface which can be effective flux pinning centers to enhance the in-field 
performance similar to cuprates [131]. Detailed study of the structure-properties 
relationship is needed to understand the enhanced Jc in the film with the CeO2 buffer or 
interlayer. In our research we also focus on correlation of the interface structure to the 
performance.  
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1.3.4 Compositional Variation in Iron Chalcogenide 
The iron chalcogenide demonstrates the interplay of structure, magnetism and 
superconductivity; the end-member FeSe and FeTe have quite different physical 
properties although with a similar crystal structure. FeSe exhibits metallic behavior in 
the normal state and has a Tconset of 13 K [27]. The phase diagrams were obtained from 
the bulk iron chalcogenides with different composition. For the bulk materials the 
optimum composition seems to be the composition close to FeSe0.5Te0.5. For the 
FeSe0.5Te0.5 thin film, the spatial relationship of the intrinsic chemical inhomogeneity of 
Te, Se, and the interstitial iron has been studied by aberration corrected scanning 
transmission electron microscopy (Cs-corrected STEM), which indicates near-randomly 
distributed Se/Te and localized interstitial Fe as shown in the Figure 1. 33 [132].  
 
Figure 1. 33 (a) STEM overview of the Fe1.10Se0.55Te0.45 film. (b) Enlarged intersection 
region with three regions with orientations of [210], [100] and the transition region. (c) 
Enlarged atomic STEM image of the [100] with nanoscale interstitial-iron. Intensity line 
profile shown along the marked chalcogen plane. Interstitial iron peaks are noted by 
stars. (d) Schematic illustration of the spatial relationship of Te, Se, and Fe(2) in the 
parent FST lattice [132]. 
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The effect of the structure in FeSexTe1−x films on the Tc enhancement is 
intensively studied since the discovery of the iron chalcogenide superconductor. Nuclear 
magnetic resonance (NMR) measurements suggest possible explanation for higher Tc of 
the bulk FeSe under pressure is enhanced spin fluctuations [46]. Neutron scattering 
measurements [108] and first principles calculations [60, 133] indicate decrease of the 
magnetic moment originated from the Fe atoms as the anion height decrease which can 
be related to the higher Tc in the sample with shorter c-axis lattice parameter. Another 
possibility is that a shorter c could suppress the superconducting phase fluctuations by 
enhancing the interlayer coupling of the Cooper pairs such as observed in the high 
pressure experiment iron chalcogenide and several unit cell thick FeSe thin film [107, 
134]. The high quality epitaxial thin film is an ideal template to do comparison study 
with the theoretical calculation as well as the bulk results.  
In this dissertation, the Te rich iron chalcogenide thin film with composition 
close to the AFM ordering has been demonstrated. Compared to the optimum 
composition FeSe0.5Te0.5 from the literature report, the FeSe0.1Te0.9 is even more 
promising for the high field application. 
Upon small amount of Se doping into the FeTe, high Jc comparable to the 
optimized composition FeSe0.5Te0.5 and extremely high Hc2 comparable to the FeTe:Ox 
[104] were achieved. The FeSe0.1Te0.9 thin film can be also grown on amorphous 
substrate such as glass substrate a in a highly textured layer by layer fashion with high 
performance. In addition the FeTe used to be considered as non-superconducting phase 
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in bulk form is grown into thin film on various substrates including the glass substrate to 
show superconducting properties.  
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CHAPTER II  
RESEARCH METHODOLOGY 
2.1 Pulsed Laser Deposition (PLD)  
In our experiment setup pulsed laser deposition (PLD) with a KrF excimer laser 
(Lambda Physik Compex Pro 205, λ = 248 nm) will be used for thin film deposition. 
The pulsed laser deposition system contains the laser system and the vacuum chamber. 
The term laser stands for Light Amplification by Stimulated Emission of Radiation. The 
pulsed laser alternates the on and off state periodically. In the past 30 years the PLD has 
developed significantly and became a widely used technique for thin film growth of a 
wide range of materials [135]. 
Physical vapor deposition (PVD) refers to thin film deposition methods with the 
vaporized materials containing many species such as electrons, ions, atoms, molecules, 
clusters and particulates from the target condensing onto various substrates in a vacuum 
chamber. PLD with very simple system setup is categorized into PVD techniques. A 
PLD system is shown in Figure 2. 1. It consists rotatable target holder oriented at an 
angle of 45º to the incident laser beam facing a substrate holder in a vacuum chamber 
maintained by two-stage vacuum system with roughing pump and turbomolecular pump 
[136]. The base pressure for all the depositions was ~ 10−6 Torr. A high power pulsed 
laser shots onto the target surface to vaporize and transport the material onto the 
substrate surface. The laser power density was varied from 3 J/cm2 to 5 J/cm2 by 
adjusting the laser output energy. The distance between the target and substrate is 
usually maintained at approximately 3 - 5 cm in our experimental setup. The substrate 
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holder can be varied from room temperature to 800 ℃ and a precisely temperature 
control and sequential ramping can be achieved with computer controlled feedback loops 
of thermal couple and heater. The film quality depends on a variety of parameters 
including laser density, substrate temperature, pulse repetition rate, proper working gas, 
base pressure in the chamber and target to substrate distance.  
 
Figure 2. 1 Schematic diagram of the PLD system. [9] 
 
In general, the laser used in PLD for thin film growth has wavelength ranging 
between 200nm and 400nm. Most of PLD systems use excimer gas to generate laser 
beam. In this study we will use the KrF laser with wavelength 248 nm which is one of 
the highest gain systems for electrically discharged excimer laser. Optical components 
including apertures, mirrors and lenses are placed between the laser and the vacuum 
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chamber to change the direction and focus the laser beam. The reflective mirror can 
direct the beam to the designated deposition chamber which enables multiple chambers 
to share one laser source.  
The target is the material to grow into film on the substrate. The incidence laser 
creates a plume towards the substrate holder of target material containing many species 
including atoms, molecules, electrons, ions, clusters, particulates and molten globules by 
means of photon interaction. That is, energy first converted to electronic excitation and 
then into thermal when the laser pulse is absorbed by the target. Hereafter, chemical and 
mechanical energy result in evaporation, ablation, plasma formation and even 
exfoliation. The plume is then collected on a substrate a short distance from the source 
and high energy molecules ejected from the target will later deposited on the substrate as 
adatoms and later it will go through the solidification process to make thin film. During 
the deposition, high deposition temperature is required to provide adatoms enough 
energy for surface diffusion to move to preferred lattice sites. 
In 1990, R. K. Singh and J. Narayan systematically descripted the basic PLD 
physical principles [137]. The PLD process includes three regimes the laser-target 
interaction, the interaction of laser beam with evaporated material and adiabatic plasma 
expansion. The first two regimes happen at the very start of laser radiation and through 
the laser pulse duration (about 25 ns duration), and the last adiabatic expansion happens 
right after the laser pulse stops. Figure 2. 2 shows the laser-target interaction during the 
pulsed laser period [137]. 
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Figure 2. 2. Representation of the laser target interaction stages during the short pulsed 
laser period. 
 
The interaction between high power laser pulses and the target results in the 
melting and evaporation of the surface layers. Considering a one dimensional heat flow, 
the equation is given by: 
𝝆𝒊(𝑻)𝑪𝒑(𝑻) 𝝏𝑻(𝒙,𝒕)𝝏𝒕 =  𝝏𝝏𝒕 �𝑲𝒊(𝑻) 𝝏𝑻(𝒙,𝒕)𝝏𝒙 � +  𝑰𝟎(𝒕)[𝟏 − 𝑹(𝑻)]𝒆−𝒂(𝑻)𝒙 (Equation 2. 1) 
where x is the distance normal to the surface of the sample and t is the time. ρi(T) is 
density, Cp(T) is thermal heat capacity, R(t) is the reflectivity, a(T) is the absorption 
coefficient, I0(t) is the time dependent incident laser intensity and Ki(T) is for the thermal 
conductivity. The subscript i indicates the phase where i = 1 for solid and i = 2 for liquid.  
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The high-power pulsed laser beam irradiation on target surface will cause a 
temperature high than 2000 K leading to an emission of the positive ions and electrons 
out of the surface. The thermal emission of ions is calculated from the Langmuir-Saha 
equation: 
𝒊+
𝒊𝟎
=  𝒈+
𝒈𝟎
𝒆[(𝝓−𝑰)𝑲𝑻] (Equation 2. 2) 
where i+ and i0 are the positive and neutral ion fluxes respectively, g+ and g0 are the 
statistical weight of the positive ionic and neutral states respectively, 𝜙 is the electron 
work function, and I is the ionization potential of the evaporated material.  
The target surface will continually absorb energy from laser radiation since the 
outer edge of the plasma regime is transparent to the laser beam. A schematic diagram in 
Figure 2. 3 shows four different regions during the incidence of the laser as 1) the 
unaffected bulk target, 2) the evaporating target surface, 3) the area near the surface 
absorbing laser beam energy and 4) the rapidly expanding outer edge which is 
transparent to the laser beam. [137] 
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Figure 2. 3 Schematic diagram shows the different phases presented during the laser 
target interaction. 
 
After the plasma formation and isothermal expansion, the adiabatic expansion of 
the plasma in vacuum chamber gives rise to the laser deposition process. In this regime, 
the thermal energy is converted to kinetic energy to increase the velocity of the plasma. 
The last stage of PLD is the deposition of ablated materials onto the substrate. The 
ejected species by laser-target interaction always have high energy and may cause 
sputtering of the substrate surface atoms and collision between the incident flux flow and 
the sputtered atoms. When the condensation rate is higher than that of the flux, a thermal 
equilibrium condition can be reached for the film growth on the substrate. [138] 
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For multi-element materials PLD has an obvious advantage for easily obtaining 
the desired film stoichiometry. So in these series of complex composition material film 
growth PLD was used as deposition method. Pulsed-laser deposition (PLD) has drawn 
much attention in the past few decades for its ease of use and success in depositing 
materials of complex stoichiometry. Iron chalcogenide superconductor thin film was first 
successfully deposited by PLD.  
In this series of research, high purity commercial powders of Fe, Se and Te 
(99.99%) from Alfa Aesar (Ward hill, MA, USA) were used for target synthesis. The 
FeSexTe1-x targets were prepared by a standard solid-state reaction method with 
appropriate stoichiometric mixture of the Fe, Se and Te powders. Target powders mixed 
according to the molar ratio were grounded, well mixed by ball milling machine and 
pressed into pellets. The pressed pellets were sealed in glass ampule with argon gas and 
sintered various temperatures in vacuum furnace to form dense targets. All samples were 
deposited on SrTiO3 (STO) (001), MgO (001) single crystal substrates and amorphous 
glass substrate (Microscope Slide, Thermofisher). 
The thickness of iron chalcogenide thin film was controlled for each project. The 
interlayer was inserted into the thin film by alternative laser ablation of the 
corresponding targets. In this research the epitaxial film on the single crystal substrate 
with out of plane and in plane alignment is the ultimate goal.  
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Figure 2. 4 Illustration of three heteroepitaxial growth modes including Volmer-Weber 
Island growth, Frank-Van Merwe layer-by-layer and Stranski-Krastanov layer + island 
growth. [139]  
 
Depend on the growth parameter and the intrinsic properties of the substrate and 
the thin film, three major thin films growth modes (1) Volmer-Weber island growth, (2) 
Frank-Van der Merwe or layer-by-layer growth, and (3) Stranski-Krastanov layer + 
island growth are illustrated in Figure 2. 4. In the first island growth mode, adatoms and 
molecules nucleate on substrate to form clusters to grow into 3-D islands because of 
stronger bonding between deposited atoms compared with the bonding between adatom 
and the substrate. In the second layer-by-layer growth mode, adatoms tend to form small 
nuclear site to grow into 2-D planar structure because they are more strongly bonded to 
the substrate than to each other. In the Stranski-Krastanov growth mode, it is a 
combination of both the layer-by-layer and island growth. [140] In this mode, Volmer-
Weber island growth will begin after forming one or several atomic monolayers in a 
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layer-by-layer growth due to the energetically instability during the film growth. From 
macroscopic aspect the bonding energy difference can also be illustrated by the surface 
energy. So the growth modes of single phase epitaxial thin films can be also described 
by the thermodynamic models for nucleation process. Figure 2. 5 illustrates a model that 
describes the surface nucleation process. [139] The equilibrium among the horizontal 
components of the interfacial tensions between substrate, film and vapor phases yields 
the following equation:  
𝑟𝑠𝑣 =  𝑟𝑓𝑠 +  𝑟𝑓𝑣 𝑐𝑜𝑠𝜃 (Equation 2. 3) 
where r is the interfacial energy and θ is the wetting angle. The subscripts s, f, and v 
represent substrate, film and vapor respectively. 
Three growth modes can be identified by this equation according to the wetting 
angle. In the 3D growth case, θ > 0 when the surface tension is higher than that of the 
substrate. In layer-by-layer growth, the surface energy of film and substrate are similar 
and the film wets the substrate with θ ~ 0. However it is an ideal model, in practice there 
are different kinds of nucleation sites including step edges, defects etc. during the thin 
film growth and the growth of nucleus can also be disrupted after the critical nucleus 
size be reached. In the PLD process, the thin film growth is also controlled by the 
growth dynamic which is influenced by the growth parameter such as the growth 
temperature, laser energy and repetition rate of the laser. That is also the principle how 
we optimize the thin film growth. 
 
 71 
 
 
Figure 2. 5 Schematic diagram of the atomistic nucleation process during a vapor 
deposition process. [139] 
 
2.2 Thin film microstructure and crystalline characterizations 
After the deposition, many film characterizations need to be done for the 
property analysis. XRD can help detect the crystal structure quickly. Using SEM we can 
scan the surface morphology. With TEM and STEM we can analysis the thin film phase, 
composition, microstructure of the interface and the secondary phase as well as 
crystallinity. EDX is always combined with SEM or TEM, it can do phase and 
composition analysis also. 
2.2.1 X-ray Diffraction (XRD) 
X-ray diffraction (XRD) is widely used to explore the composition and crystal 
structure and measure the size, shape and internal stress of crystalline materials. The 
incident X-ray beam to a crystal structure will be diffracted into specific directions. 
According to the angles and the intensities, a three dimensional crystal structure can be 
mapped. Bragg's Law is the fundamental equation to govern the X-ray diffraction: 
nλ = 2d sinθ (Equation 2. 4) 
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where λ is the wavelength of X-rays, d is the lattice plane spacing, θ is the diffraction 
angle as shown in Figure 2. 6 [141]. 
 
Figure 2. 6 (a) A two dimensional periodic array of atoms that forms different planes in 
the crystal, (b) diffraction for a set of planes with inter-plane distance d which is 
conditioned to Bragg’s Law. 
 
Only for the combination of certain θ angles theta and d-spacings, the Bragg's 
Law conditions can be satisfied. Plotting the 2θ and intensities of the resultant diffracted 
peaks of radiation produces a plot, which is characteristic θ-2θ scan. Besides the θ 
angles, there are other setup with different measurement configuration for the thin film 
diffraction as show in the following Figure 2. 7. 
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Figure 2. 7 Configuration of the sample stage for the XRD measurement. 
ω – angle between incident x-rays and sample surface 
2θ – angle between incident x-rays and detector 
ψ – sample tilt 
φ – in-plane sample rotation 
x,y – in-plane displacement of sample 
z – vertical displacement of sample 
The θ-2θ scan is the characteristic XRD pattern for each material with ω and θ 
changing simultaneously to record the intensity information corresponding to the θ or 
2θ. 
The rocking curve is usually used to determine the c-axis lattice constant spread. 
Here the ω is fixed and the reflected angle is varied and the intensity of the 
corresponding reflected angle is recorded. The Full width at half maximum (FWHM) of 
the main peak indicates the degree of preferred orientation for thin films.  
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The φ scan can be performed to study the in-plane texture of the films. Usually 
the strongest peaks other than the (00l) peaks are selected to set up the ψ and ω, and the 
thin film sample rotates in plane to get the intensities for the corresponding φ. The 
FWHM of the peaks suggest the in plane alignment of the crystal structure for the thin 
films. The pole figure is combination of the φ scans at different ψ angles in 
Polar coordinate.  
2.2.2 Scanning Electron Microscope (SEM) 
The scanning electron microscope (SEM) uses the interaction between focused 
high energy electrons beam and the surface of solid specimens which generates various 
signals as show in the Figure 2. 8. The signals containing secondary electrons (SE), 
backscattered electrons (BSE), and diffracted backscattered electrons (EBSD), 
characteristic X-rays, visible light (cathodoluminescence), auger electrons and heat 
reveal the chemical composition, surface morphology and crystalline structure of the 
sample. Among them, SE showing morphology and topography and BSE showing 
composition contrasts in multiphase samples are used to generate images. Characteristic 
X-rays are unique for each element so it is used to identify the elements in the sample 
using the EDS. Figure 2. 9 shows schematic diagram of a SEM equipment.  
In this dissertation, SEM works have been conducted to characterize the 
morphology, crystallography of the superconductor thin films with Quanta 600 
FEG analytical microscope (200 V to 30 KV, Field emission gun assembly with 
Schottky emitter source) and JEOL JSM-7500F (100 V to 3 kV, Cold cathode UHV field 
emission conical anode gun). 
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Figure 2. 8 Different kinds of electron scattering from a thin specimen in both the 
forward and back directions. [142] 
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Figure 2. 9 Schematic diagram of SEM equipment. 
 
2.2.3 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) is a powerful tool for structure 
characterization. TEMs were developed to overcome the limitation of optical 
microscopes depending on the wavelength of visible light. In this dissertation, extensive 
TEM works have been conducted to characterize the morphology and crystallography of 
the superconductor thin films with JEOL 2010 analytical microscope (200 KV, LaB6 
filament with 0.23 nm point resolution) and FEI Tecnai F20 analytical microscope (200 
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KV, ZrO2/W Schottky field emitter with 0.27 Å point resolution, Z-contrast dark-field 
STEM imaging using the HAADF detector). 
 
Figure 2. 10 The block diagram of a typical TEM system with analytical capabilities. 
 
As shown in Figure 2. 10, a typical TEM system contains four parts: the electron 
source, electromagnetic lens system, sample stage and imaging systems, which all 
combined in a vacuum column backed up by the mechanical pump and turbo pump or 
diffusion pump. [143] The cathode emits electrons when heated or by high voltage. The 
electron beam is then accelerated towards the anode by the positive voltage. Then the 
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electron beam is focused and confined by the condenser lens and apertures. Another set 
of lens focus the transmitted beam after passing through the specimen and project the 
enlarged image on the phosphorescent screen.  
The resolution and magnification are closely related to each other in TEM. 
Magnification calculated as the product of the magnifying powers for all the lenses 
refers to the degree of enlargement of the final image compared to the original object. 
The maximum resolution defined as the closest spacing of two points which can be 
distinguished under the microscope based on Rayleigh criterion: 
𝑟 =  0.612𝜆
𝑛 (𝑠𝑖𝑛 𝛼) (Equation 2. 5) 
 where λ is the wavelength of the electrons, α is the aperture angle of lens and n is 
refractive index. 
There are two basic operation modes in the TEM: the diffraction mode and 
imaging mode as shown in Figure 2. 11. These two modes can be easily switched by 
changing the focal length of the intermediate lens depending on whether the image plane 
coincides with the back focal plane or the image plane of the objective lens. In the 
imaging mode, objective apertures are inserted at the back focal plane of the objective 
lens to increase the contrast of the images. Dark field (DF) or bright field (BF) images 
can be obtained depending on the objective aperture configuration and the beam 
diffraction as shown in Figure 2. 12. BF image is formed when the aperture is positioned 
to allow only the transmitted electrons to pass, while DF image is formed when the 
aperture is positioned to allow only some diffracted electrons to pass and there are two 
methods to obtain the DF image. 
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Figure 2. 11 Two basic operation modes of TEM system: (a) the diffraction mode and 
(b) the imaging mode.[142] 
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Figure 2. 12 Diagrams of the objective lens and objective aperture combination to 
produce (A) a BF image formed from the direct electron beam, (B) a displaced-aperture 
DF image formed with a specific off-axis scattered beam, and (C) a CDF image where 
the incident beam is tilted so that the scattered beam emerges on the optic axis. [142] 
 
High resolution TEM is an imaging mode in the atomic scale allowing the 
imaging of the crystallographic structure for semiconductors, metals and complex 
oxides. In the HRTEM mode, the objective lens should be adjusted to get the shortest 
focal length and higher accelerating voltages should be used for higher resolution. 
Chromatic aberration and spherical aberration correction with special lenses and small 
condenser lens apertures shall be considered to get more coherent beam. In addition 
small objective aperture may be used to enhance the contrast but at price of resolution. A 
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thin Specimen without too much ion damage is critical to enhance the resolution 
capability.  
The scanning transmission electron microscope (STEM) is one of the working 
modes of TEM where the beam scans parallel to the optic axis. By the interaction 
between the beam and sample it will generate multiple signals which can be collected for 
mapping such as energy dispersive X-ray (EDX) spectroscopy, electron energy loss 
spectroscopy (EELS) and annular dark-field imaging (ADF). These signals can be 
obtained simultaneously, which allows direct correlation of morphology and quantitative 
data. By using a STEM and a high-angle detector, image where the contrast is directly 
related to the atomic number (Z-contrast image) can be obtained, which is used in this 
dissertation to get the composition information. 
The TEM specimen preparation is critical for the high quality images and an 
electron transparent thin region less than 100nm in the sample is preferred. The 
preparation method depends on the material properties and objective. In this dissertation, 
both the cross-section and plan-view samples were prepared to study the interphase, 
secondary phase, film orientation and grain alignment. By conventional method, the thin 
films specimen can be obtained with the following steps: (1) cutting thin slice from the 
substrate with thin film; (2) glue two slices together and pre-thinning on sand paper and 
diamond paper (3) final grinding and polishing; (4) ion milling. Ion-milling is a powerful 
tool to get an area surrounding the ion milling hole with a thickness less than 100nm and 
a shorter ion milling duration is preferred to reduce the ion damages. Depends on the 
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materials, types of TEM samples and initial surface topology, various factors can be 
adjusted including ion energy, angle of incidence, ion orientation and beam energy.  
2.3 Transport and Magnetism Properties Measurement 
Superconductor thin films magnetization and transport properties in this 
dissertation were measured by a Physics Property Measurement System (PPMS) 
(EverCool, Quantum Design, Inc) with a vibrating sample magnetometer (VSM) head. 
The PPMS provides a flexible, automated workstation that can perform a variety of 
experiments with precise thermal control including magnetization and transport 
resistivity vs. temperature measurements (R-T). The PPMS has a capacity to apply 
magnetic fields up to -9 T ~ 9 T and a temperature range of 1.9 ~ 400 K using liquid He 
and heater. The temperature sweep rate ranges from 0.01 K/min to 12K/min. Superior 
temperature controlling within ±2 mK during measurements is achieved in this system.  
The DC transport measurement option in PPMS incorporates a high precision 
current source and a high precision voltmeter in the Model 6000 control unit. The R-T 
option supports four-terminal probe measurements. Measurements are typically made by 
passing a known current through the sample using two leads and measuring the voltage 
difference across the sample direction using another two leads and the sample resistivity 
is calculated according Ohm’s law and the sample dimension.  
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Figure 2. 13 Schematics of the sample rod and puck setup in the dewar of the PPMS. 
 
 
 
 
 
Figure 2. 14 Standard DC Resistivity puck with three channels 
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Figure 2. 13 shows the sample rod used for transport properties measurements in 
PPMS. The sample is mounted on easily removable printed circuit boards as show in 
Figure 2. 14. This DC Resistivity Standard puck has three channels which can measure 
up to three samples in four point probe arrangement at one time.  
For the superconductor with the DC puck, the Resistivity vs. Temperature (R-T) 
plot can be measured under magnetic field from 0 to 9 T. The critical transition 
temperature and the upper critical field can be estimated from the measurement result. In 
addition Current vs. Voltage (I-V) curve can be measured to extract the critical current 
density of the superconductor at low temperature by preset criterion. 
The VSM module with linear motor to vibrate the sample in PPMS is a fast and 
sensitive DC magnetometer. The measurement is accomplished by oscillating the sample 
under applied magnetic field or self-field near a detection coil and synchronously 
detecting the voltage induced by the magnetic response in the sample.  
With the VSM head the magnetization of the superconductor under weak 
magnetic field can be measured. From the zero field cooling (ZFC) and field cooling 
(FC), the superconducting transition temperature can be measured and for the bulk 
materials the superconducting volume can be estimated by the susceptibility 
measurement according to the perfect diamagnetism of the superconductor. The 
magnetic hysteresis loops are measured to extract the critical current density according 
to the self-circulated current inside each domain of the superconducting material using 
the Bean model:  
𝐽𝑐 = 20∆𝑀/[2(1 − 𝑤/3𝑙)] (Equation 2. 6) 
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where w and l is the width and length of the film and M is the magnetic moment and ΔM 
is the moment difference between up and down branches in the magnetic hysteresis loop. 
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CHAPTER III  
ENHANCED SUPERCONDUCTING PROPERTIES IN EPITAXIAL FESE THIN 
FILMS WITH SELF–ASSEMBLED FE3O4 NANOPARTICLES* 
3.1 Overview  
Epitaxial tetragonal iron selenide thin films were grown on single crystal SrTiO3 
(STO) (001) and MgO (001) substrates by a pulsed laser deposition (PLD) technique. 
Deposition temperature and annealing process were found to be critical for achieving the 
tetragonal phase and the optimum superconducting properties of the films. The critical 
transition temperature of the thin films ranges from 2 K to 11.5 K depending on the 
deposition temperature and annealing condition. The samples with higher critical 
transition temperatures show self-assembled Fe3O4 nanoparticles (~15 nm in average 
particle size) in the films according to both X-ray diffraction (XRD) and transmission 
electron microscopy (TEM) analysis. Besides the better crystallinity in the films 
achieved at higher deposition temperatures or through post-annealing, the formation of 
Fe3O4 nanoparticles could assist the formation of the tetragonal FeSe phase and thus lead 
to the enhanced superconducting properties.  
 
 
 
 
 
 
*This chapter is reprinted with permission from “Enhanced Superconducting 
Properties in Epitaxial FeSe Thin Films with Self–assembled Fe3O4 Nanoparticles” 
by Li Chen, et al., Physica C, 471, 515 (2011). Copyright © 2011 Elsevier B. V.. 
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3.2 Introduction 
Ever since the discovery of the iron-based superconductor of LaFeAsO1-xFx [21] 
with similar layered structure as cuprates, the new group of superconductors has 
attracted much research attention in exploring its superconducting mechanism, which 
could guide the exploration of the room temperature superconductor with comparison of 
the most studied cuprates since 1987 [8] . The discovery of the simplest iron-based 
superconductor iron selenide with a transition temperature Tc around 8 K [25] arouses 
much research interest. The superconducting FeSe has the tetragonal PbO structure 
containing Fe-Se planar sub-lattice with an interval of 5.518 Å. This layered structure is 
equivalent to the layered FeAs structure in previously found iron pnictide 
superconductors. FeSe provides a simple system to study the iron-based superconductors 
in comparison with cuprates [38]. The material contains identical Fe-Se layers similar to 
the layered structure in cuprates which is believed to be responsible for the 
superconductivity [39]. Since then, the effects of stoichiometry [40-42], structure 
variation [31, 43, 44], strain and stress [45], pressure [28, 31, 46] and doping [27, 47] on 
its superconducting properties have been explored for FeSe.  
Besides the bulk FeSe that has been explored extensively [25, 27, 43, 46, 53] , 
the epitaxial FeSe thin films have recently attracted great research interests [45, 54, 55]. 
Most of the FeSe films reported were deposited by pulsed laser deposition (PLD). 
Compared with its bulk counterpart, FeSe thin film has a great potential in developing 
the ordered quasi-2D structure and is suitable for coating technology which has already 
been applied in YBa2Cu3O7-x coated conductors [56]. In the previous FeSe thin film 
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work, it was reported that the film thickness and orientation [54] as well as film 
stoichiometry and deposition temperature are critical factors for the superconducting 
properties [42, 55, 57] of FeSe thin film. Wang et al. reported the optimum deposition 
temperature for FeSe films on MgO is 500°C. The Tconset and Tczero are 10 K and 4K 
respectively with the film thickness of 140 nm. However the film is not in the c-axis 
orientation [54]. Nie et al. reported that the optimum deposition temperature of FeSe 
films with c-axis orientation on different substrates is 380°C. The Tconset of the films is 
lower than 10 K on SrTiO3 (STO) (001) and MgO (001). The upper critical field Hc2 of 
the film was estimated to be 35 T with linear extrapolation method. It was also reported 
that the tensile strain in a-b plane suppresses the superconductivity [45]. Han et al. 
reported single-phased, c-axis oriented epitaxial FeSe0.88 films on STO (001), (La, Sr)(Al, 
Ta)O3 (001) and LaAlO3 (001) with the Tconset of 11.8 K and the Tczero of 3.4 K [55]. 
Based on the previous studies, it is evident that the optimum growth temperatures, the 
film compositions and the resulted superconducting properties are largely varied. There 
is not yet a solid explanation for the variation of the superconducting properties of FeSe 
films based on the deposition conditions. The properties of FeSe films also need to be 
further optimized for the study on dopants incorporation. 
In this report, we focus on the optimization of pure FeSe thin films with different 
growth conditions using PLD and post-annealing procedures. The microstructure 
properties of the films including the epitaxial quality, interface structure and secondary 
phase have been studied and correlated with the superconducting properties. 
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3.3 Experimental 
The FeSe thin films were deposited on single crystal MgO (001) and STO (001) 
substrates in a PLD system with a KrF excimer laser (Lambda Physik Compex Pro 205, 
λ=248nm). The laser power density was varied from 3 J/cm2 to 5 J/cm2 by adjusting the 
laser output energy. The base pressure for all the depositions was ~ 10−6 Torr. The FeSe 
targets were made by pressing pure FeSe powder and followed by vacuum sintering at 
various temperatures. The deposition temperature was varied from 400°C to 550°C. 
Post-annealing was applied with annealing temperature of 500°C in the vacuum chamber 
with a base pressure of ~ 10-6 Torr to explore the effects of processing parameters on the 
superconducting properties. The film thickness was kept around 150 nm for all the 
samples. 
The microstructure of the films was characterized by X-ray diffraction (XRD) 
(BRUKER D8 powder X-ray diffractometer), scanning electron microscope (SEM) 
(JEOL JSM-7500F with a field emission gun) and transmission electron microscope 
(TEM) (JEOL-2010 with a point-to-point resolution of 2.34 Å). The superconducting 
properties were characterized using resistivity-temperature (R-T) measurement from 2K-
300K under applied magnetic field (0 -7 T) in a physical property measurement system 
(PPMS, Quantum Design). 
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3.4 Results and Discussion 
 
Figure 3. 1 XRD patterns of the FeSe thin films on STO deposited at 400 °C and 500 °C 
compared with the patterns for the samples after annealing at 500 °C. 
 
A standard θ-2θ XRD analysis was performed for all the films deposited on MgO 
and STO substrates. Figure 3. 1 shows the θ-2θ XRD scans for the FeSe films deposited 
on STO substrates at 400°C and 500°C. It is clear that both films have grown highly 
textured along (00l) on STO (001). Based on the lattice parameter calculated from the 
out-of-plane d-spacings, the FeSe thin films are determined to be tetragonal phase with 
an out-of-plane lattice parameter of 5.515 Å for the film deposited at 400°C and 5.505 Å 
for the film deposited at 500°C. In both cases the out-of-plane lattice parameter is 
slightly smaller than that of the bulk value (5.518 Å). Different from the sample 
deposited at 400°C, the sample deposited at 500°C has a small amount of Fe3O4 formed 
indicated by the obvious Fe3O4 (400) peak in the XRD profile. Samples deposited at 
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higher temperature start to show hexagonal FeSe (101) peak in the XRD profile. The as-
deposited samples were then annealed at 500°C for 30 minutes. The XRD θ-2θ scans are 
plotted along with the samples without annealing as comparison in Figure 3. 1. 
Obviously, both of the annealed samples show a preferred (00l) orientation on STO (001) 
similar to the as-deposited films. It is interesting that the Fe3O4 (400) peak starts to show 
up in the 400°C deposited sample after annealing and the peak gets stronger for the 
500°C sample after annealing compared with the as-deposited sample indicated by the 
XRD profile. This suggests that annealing introduces a small amount of Fe3O4 in the 
400°C deposited sample and additional Fe3O4 phase in the 500°C deposited sample. It is 
also noted that the FeSe peaks shift to higher angles after annealing along with the 
appearance of Fe3O4, i.e., the c-axis lattice parameter of FeSe shrinks from 5.515 Å to 
5.487 Å for film deposited at 400°C and from 5.505 Å to 5.491 Å for the film deposited 
at 500°C. A similar c-axis lattice parameter reduction was reported in SrFe2As2 
previously [144].  
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Figure 3. 2 Normalized R–T plots of FeSe thin film samples on (a) STO and (c) MgO 
substrates with different deposition temperatures and annealing conditions. (b) and (d) 
show the details from 2 K to 20 K for (a) and (b) respectively. 
R-T measurements (2 K-300 K) were conducted for all the samples on STO and 
MgO by a four-point probe method and plotted in Figure 3. 2 (a) and (c), respectively. 
The details of the transition region 2K ~ 20K were enlarged in Figure 3. 2 (b) and (d) for 
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FeSe films on STO and MgO, respectively. For the 400°C deposited sample, it shows 
pure FeSe tetragonal phase in the XRD result. However the R-T result shows an upturn 
before the superconducting transition as the temperature decreases and zero resistance 
cannot be achieved even at 2 K. Interestingly, after annealing it shows a decent 
superconducting transition starting at 10 K along with the formation of the Fe3O4 phase 
indicated by XRD profile. All the films deposited at 450°C or higher show an obvious Tc 
transition. After annealing, along with the formation of Fe3O4 phase, the Tc for the films 
on STO slightly increases with a sharper transition as shown in Figure 3. 2 (b). However 
the films deposited at higher temperatures on MgO (e.g., 500°C and 550°C) show a 
slight drop of Tc along with the weakening of the Fe3O4 peak indicated by XRD. The 
highest transition temperature Tc ranges from 6 K (Tczero) to 11.5 K (Tconset) for the films 
on MgO and from 4 K (Tczero) to 10.8 K (Tconset) for the films on STO. Based on the Tc 
measurements, the optimum deposition temperature is determined to be ~ 500°C and 
550°C in the tested range for films on STO and MgO substrates, respectively.  
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Figure 3. 3 R–T plots of FeSe thin films on (a) STO and (b) MgO under magnetic field 
(0–7 T) and the insets show irreversibility line Hirr(T) and the upper critical field Hc2(T).  
 
 95 
 
Magnetic field was then applied during the R-T measurements to estimate the 
upper critical field. The irreversibility line Hirr(T) and the upper critical field Hc2(T) are 
plotted as insets in Figure 3. 3. The upper critical field was estimated by the Werthamer-
Helfand-Hohenberg model,  
−Hc2(0)=0.7TcdHc2/dT|Tc (Equation 3. 1) 
using the middle point of the superconducting transition temperature [55, 101]. From 
Figure 3. 3 the upper critical field Hc2 is estimated to be ~ 20 T, for both thin films on 
STO and MgO. The upper critical field of the films is comparable to the previous report 
of Hc2 = 14 T [55] and Hc2 = 25.7 T [101] calculated with the same method.  
To further explore the effects of deposition temperature and annealing condition, 
we conducted a detailed microstructure characterization on the as-deposited samples and 
the samples after annealing. Figure 3. 4 (a) and (b) show the SEM images for the surface 
of the samples deposited at 550°C and 450°C, respectively. Figure 3. 4 (c) shows the 
surface of the 450°C sample after annealing. It is evident that the 550°C deposited film 
has an obvious grain structure on the surface. The grains are well connected with very 
few clusters on the film surface. Interestingly, the surface morphologies of 4a (550°C 
sample) and 4c (450°C sample with annealing) are very similar, i.e., the grains are more 
faceted which indicates a better crystallinity of the films. In Figure 3. 4 (b), the 450°C 
deposited film shows a lot of round clusters, which suggests the nucleation is not yet 
complete and the grain size in the clusters is relatively small. This result is consistent 
with R-T measurements where a better superconducting properties were observed in the 
high temperature deposited sample and the low temperature sample after annealing. 
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Figure 3. 4 SEM micrographs of FeSe films: (a) deposited at 550 °C, (b) deposited at 
450 °C, and (c) deposited at 450 °C followed by annealing at 500 °C for 30 min. 
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Figure 3. 5 (a) Cross-sectional TEM micrograph of the FeSe film on STO deposited at 
500 °C. The black/white arrows indicate the particles at the film surface and the 
film/substrate interface. (b) Cross-section high resolution TEM micrograph and the 
corresponding Fast Fourier transform (FFT) of epitaxial FeSe film on STO. (c) and (d) 
are Cross-section high resolution TEM micrographs of the FeSe film with Fe3O4 particle 
and corresponding FFT of Fe3O4 nanoparticle. 
 
Besides the differences in the film crystallinity and the surface morphology due 
to the different processing conditions, Fe3O4 formation is another feature that is strongly 
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correlated with the superconducting properties. A detailed cross-sectional TEM and high 
resolution TEM (HRTEM) study was conducted to explore the microstructure of the 
FeSe films as well as the secondary phase Fe3O4. Figure 3. 5 (a) shows the cross-
sectional TEM image of FeSe film deposited on STO at 500°C. The film thickness is ~ 
150 nm. There are obvious nanoparticles embedded in both the top surface and the 
film/substrate interface regions (marked by arrows). The average size of the particles is ~ 
15 nm. To confirm the quality of the film and the structure of the nanoparticles, we 
conducted a detailed HRTEM analysis on this sample. In Figure 3. 5 (b) high quality 
epitaxial FeSe was observed. The corresponding Fast Fourier transformation (FFT) from 
the film and the substrate area confirms the high epitaxial quality of FeSe on STO. The 
lattice matching orientations between the film and the substrate are determined to be 
(001)FeSe//(001)STO and (100)FeSe//(100)STO. Detailed HRTEM and the corresponding FFT 
analysis were conducted on the nanoparticles at the film/substrate interface. Based on the 
d-spacing calculation from FFT diffraction, it confirms that the nanoparticles are Fe3O4. 
The typical Fe3O4 nanoparticle in Figure 3. 5 (c) has matching relations with the FeSe 
film matrix of (220)Fe3O4//(010) FeSe and (001)Fe3O4//(001) FeSe.  
The formation of the Fe3O4 particles at the film/substrate interface is possibly 
due to that the excess Fe in the film reacts with the oxygen diffused from the underlying 
substrate. A similar oxygen diffusion from underlying substrate was reported previously 
[145]. The Fe3O4 nanoparticles on the top surface might form by the reaction of the 
excess Fe in the film with the residual oxygen in the vacuum chamber during deposition 
and annealing. The formation of Fe3O4 nanoparticles reduces the excess Fe due to the 
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loss of volatile selenium in the film, and thus results in FeSe films with better 
superconducting properties. 
The stoichiometry issue has been reported for the FeSe bulks [40, 41] and films 
[42, 55] previously. In bulk FeSe, several reports discussed that the excess Fe exists in 
the form of Fe3O4 and the iron selenide maintains the superconducting composition [40, 
41]. In thin films, Se deficiency is more likely to happen due to the vapour pressure 
difference between Fe and Se during deposition, which causes the Se deficiency in the 
resulted films. The Fe3O4 formation could help to remove the excess Fe in the films. The 
effect could become even more significant because the surface effect in thin films is a lot 
stronger than that in bulks. Compared with previous reports on the undoped FeSe 
systems [45, 54, 55], the films in this work with Fe3O4 nanoparticles formed at the 
interface and surface show better superconducting properties. The best values reported 
here are Tconset of 11.5 K and Tczero of 6 K with an upper critical field Hc2 ~ 20 T. Even 
though the mechanism of the enhancement is still under investigation and the film 
crystallinity is certainly an important factor, the coexistence of the enhanced 
superconducting properties and the formation of the self-assembled Fe3O4 nanoparticles 
is evident. It is also possible that the self-assembled Fe3O4 nanoparticles could act as 
flux pinning centers for future flux pinning engineering in the FeSe and related coated 
conductors.  
3.5. Conclusions 
High quality epitaxial FeSe thin films were deposited on STO and MgO 
substrates. The optimum deposition temperatures are ~ 500°C and 550°C for samples on 
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STO and MgO substrates, respectively. In addition, the superconducting property can be 
further enhanced by the post-annealing procedure at 500°C for 30 minutes which 
induces secondary phase of Fe3O4 particles. HRTEM indicates that the self-assembled 
Fe3O4 particles form at the FeSe film surface and the film/substrate interface. The 
samples with Fe3O4 nanoparticles present better superconducting property with higher 
transition temperatures (e.g., Tc of the samples on MgO ranges from 6 K to 11.5 K and 
Tc of the samples on STO is from 4 K to 10.8 K) and sharper transitions. Better 
crystallinity and surface morphology, and the formation of the Fe3O4 particles in the 
films all contribute to the enhanced superconducting properties in the FeSe thin films.  
Based on the previous studies, it is evident that the optimum growth temperatures, 
the film compositions and the resulted superconducting properties are largely varied. 
There is not yet a solid explanation for the variation of the superconducting properties of 
FeSe films based on the deposition conditions. The properties of FeSe films also need to 
be further optimized for the study on dopants incorporation. 
In this proposal, we will focus on the optimization of pure FeSe thin films on 
STO and MgO substrates with different growth conditions using PLD and post-
annealing procedures. The microstructure properties of the films including the epitaxial 
quality, interface structure and secondary phase will be studied and correlated with the 
superconducting properties. 
The deposition temperature will varied from 400°C to 550°C. Post-annealing will 
be applied with annealing temperature of 500°C in the vacuum chamber with a base 
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pressure of ~ 10-6 Torr to explore the effects of processing parameters on the 
superconducting properties. 
The preliminary results shows high quality epitaxial FeSe thin films were 
deposited on STO and MgO substrates. The optimum deposition temperatures are ~ 
500°C and 550°C for samples on STO and MgO substrates, respectively. In addition, the 
superconducting property can be further enhanced by the post-annealing procedure at 
500°C for 30 minutes which induces secondary phase of Fe3O4 particles. HRTEM 
indicates that the self-assembled Fe3O4 particles form at the FeSe film surface and the 
film/substrate interface. The samples with Fe3O4 nanoparticles present better 
superconducting property with higher transition temperatures (e.g., Tc of the samples on 
MgO ranges from 6 K to 11.5 K and Tc of the samples on STO is from 4 K to 10.8 K) 
and sharper transitions. Better crystallinity and surface morphology, and the formation of 
the Fe3O4 particles in the films all contribute to the enhanced superconducting properties 
in the FeSe thin films. 
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CHAPTER IV  
ENHANCED FLUX PINNING PROPERTIES IN SUPERCONDUCTING FESE0.5TE0.5 
THIN FILMS WITH SECONDARY PHASES* 
4.1 Overview 
In this paper we report epitaxial superconducting FeSe0.5Te0.5 thin films grown 
on single crystal SrTiO3 (STO) (100) substrates by a pulse laser deposition (PLD) 
technique. The films include a single layer grown in vacuum, a single layer grown in 
controlled oxygen atmosphere and a tri-layer film with a 7 nm-thick CeO2 interlayer. All 
the films show a similar transition temperature Tc ranging from ~12 K (Tconset) to ~ 10 K 
(Tczero) while the CeO2 nanolayer sample shows a significantly enhanced critical current 
density under magnetic field. The calculated critical current density of the film with the 
CeO2 interlayer is ~10
5 A/cm2 at 2 K in self-field and 2.8×104 A/cm2 at 7 T at 2 K. The 
power-law exponent α value of the sample is determined to be as low as 0.21 at 2 K. 
Microstructural analysis shows both the oxygen grown sample and the sample with 
CeO2 nanolayer have uniform nanoclusters in the film matrix. These secondary phases as 
well as the defects around the interlayer interfaces might be responsible for the enhanced 
pinning properties.  
 
 
 
 
 
*This chapter is reprinted with permission from “Enhanced Flux Pinning Properties 
in Superconducting FeSe0.5Te0.5 Thin Films with Secondary Phases” by Li Chen, et 
al., Superconductor Science and Technology, 25, 025020 (2012). Copyright © 2012 
Institute of Physics. 
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4.2 Introduction 
Since the discovery of the iron selenide (FeSe) superconductor with a transition 
temperature around 8 K [25], this simple iron-based arsenic-free superconductor has 
attracted much research interest [27, 28, 40, 41, 46, 48, 60, 146]. The superconducting 
FeSe has a tetragonal PbO structure containing the Fe-Se planar sub-lattice with an 
interval of 5.518 Å. FeSe provides a simple system to study the iron-based 
superconductors in comparison with the cuprates [38]. Following the similar research 
approaches of the iron pnictide superconductors, high external pressure [28, 46, 48], and, 
the doping of the chalcogens [41], the transition metals [49, 50] and the alkali metals 
[51, 52], were applied to enhance the superconducting properties. Although the critical 
transition temperature (Tc) of the iron-based superconductor is much lower than that of 
the cuprates, the iron-based superconductor has lower anisotropy which is good for 
magnets applications [29]. Besides the superconducting transition temperature, critical 
current density (Jc) is another important factor for future applications. Although 
compared to the cuprates or even the iron pnictides, the Jc of the iron chalcogenide 
superconductor is lower, its slow decrease of the Jc with increasing magnetic field as 
well as its easy composition control makes the iron chalcogenide a promising candidate 
for high field applications [58, 59].  
In the isovalent-doped FeSe, either tellurium or sulfur was used, which is similar 
to the effect of external pressure to induce structure distortion to the ground state of the 
superconductivity [60]. The effect of doping concentration was also studied for 
achieving optimum stoichiometry in iron chalcogenide systems such as FeSe1-xTex and 
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FeTe1-xSx [41, 61, 62]. Tc up to 21 K in the epitaxial FeSe0.5Te0.5 thin films used to be 
reported [63]. In bulk form, the critical current density of the single crystal FeSe0.4Te0.6 
was reported to be around 105 A/cm2 at 2 K [58, 59, 64, 65]. Recently enhancing the 
critical current of the iron chalcogenide thin films has attracted great research interests 
[66, 67]. Most of the iron chalcogenide films reported were deposited by pulsed laser 
deposition (PLD). Compared to its bulk counterpart, due to the layered structure the iron 
chalcogenide thin film has a great potential in developing the ordered quasi-2D structure 
and it is more practical to apply the coating technology which has already been well 
developed in YBa2Cu3O7-x (YBCO) coated conductors [56]. In cuprates, various pinning 
centers were used to enhance the critical current density under magnetic field which 
include the second phase particles [146, 147], dislocation at the interface [131], nanorod 
array across the film [148] or the combination of them to enhance the magnetic flux 
pinning properties in all directions [149].  
Flux pining centers could also be introduced into the iron-based superconductor 
to enhance its in-field performance. For example, nanosize columnar defects correlated 
with oxygen incorporation during film growth were observed in Co-doped BaFe2As2 as 
strong vortex pinning centers [150]. In this report, we report our initial attempt on 
introducing the flux pinning centers in FeSe0.5Te0.5 either under a controlled oxygen 
atmosphere or by depositing the film with a thin CeO2 interlayer. The CeO2 interlayer 
has been previously introduced to overcome the Jc thickness dependence in the YBCO 
film [151]. The microstructure of the FeSe0.5Te0.5 films including the epitaxial quality, 
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the interface structure and the secondary phase have been studied and correlated with the 
superconducting properties to explore the pinning properties of these nanoscale defects. 
4.3 Experimental 
A FeSe0.5Te0.5 target was prepared by a standard solid-state reaction method with 
appropriate stoichiometric mixture of the Fe, Se and Te powders. The pure FeSe0.5Te0.5 
thin film and the FeSe0.5Te0.5 thin film with a 7 nm thick CeO2 interlayer were deposited 
at 400 °C on single crystal STO (001) substrates in the PLD system with a KrF excimer 
laser (Lambda Physik Compex Pro 205, λ=248nm, 5Hz). During deposition, the target-
substrate distance was kept at 4.5 cm. The growth rates of the FeSe0.5Te0.5 and CeO2 are 
around 0.5 Å/pulse and 1 Å/pulse, respectively. The CeO2 interlayer was introduced into 
FeSe0.5Te0.5 matrix by alternating ablation of the FeSe0.5Te0.5 and the CeO2 targets. The 
laser power density was 3 J/cm2 for both FeSe0.5Te0.5 and CeO2 layer. The base pressure 
for all the depositions was around 10−6 Torr in vacuum. The depositions under oxygen 
pressure were conducted around 10-4 Torr. The total thickness of the FeSe0.5Te0.5 thin 
films was kept around 150 nm. 
The microstructure of the films was characterized by X-ray diffraction (XRD) 
(BRUKER D8 powder X-ray diffractometer), transmission electron microscopy (TEM) 
and scanning transmission electron microscopy (STEM) (FEI Tecnai G2 F20). The 
superconducting properties were characterized using resistivity-temperature (R-T) 
measurement by a four point probe method from 2 K to 300 K in a physical property 
measurement system (PPMS, Quantum Design). Both the self-field and in-field critical 
current density (Jcsf and Jcin-field (H//c)) were measured under the applied magnetic field 
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of 0 T ~ 7 T at various temperatures (8 K, 4 K and 2 K) by the vibrating sample 
magnetometer (VSM) in the PPMS. 
4.4 Results and Discussion 
 
Figure 4. 1 XRD plots of the single layer FeSe0.5Te0.5 thin films and the film with the 
CeO2 interlayer on STO. 
 
Figure 4. 1 shows the standard θ-2θ XRD scans for the FeSe0.5Te0.5 films 
deposited on the STO substrates at 400oC. All the FeSe0.5Te0.5 films are determined to be 
tetragonal phase without impurity phase and highly textured along FeSe0.5Te0.5 (00l) on 
STO (001). The c-axis lattice parameters for the FeSe0.5Te0.5 film deposited in vacuum, 
deposited in oxygen atmosphere and the film with the CeO2 interlayer are 5.9527 Å, 
5.9848 Å and 5.9718 Å, respectively, which are comparable to the literature reports 
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[152, 153]. Because of the small amount of CeO2, there is no obvious CeO2 peak in the 
XRD plot. Interestingly, the film deposited in oxygen atmosphere does not have a 
reduced c-axis parameter compared to the other films. Based on this observation, it is 
possible that the introduction of oxygen during deposition caused the film structure 
variation which could reduce the film stress partially. Further discussion can be found in 
the later part of the paper.  
 
Figure 4. 2 R-T plots of the FeSe0.5Te0.5 thin films on STO from 2 K to 300 K. The inset 
shows the detailed superconducting transition regime from 2 K to 20 K.  
 
R-T measurements (2 K-300 K) were conducted for all the films on STO and the 
results are plotted in Figure 4. 2. The details from 2 K to 20 K are shown in the inset. All 
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the films show a similar transition temperature Tc ranging from ~12 K (Tconset) to ~ 10 K 
(Tczero). The minor difference is the film deposited in vacuum shows the highest Tczero 
and the vacuum film with the CeO2 interlayer shows a lower Tczero. Besides, the normal 
state resistivity for different film configurations ranges from 0.3 mΩ·cm to 0.5 mΩ·cm. 
The film deposited in oxygen atmosphere has a slightly higher normal state resistivity 
than the film deposited in vacuum, which possibly indicates additional defects in the 
oxygen deposited film. The film with the CeO2 layer has the highest normal state 
resistivity among all the samples which can be partly attributed to the CeO2 interlayer 
that gives a semiconductor-like behavior before the superconducting transition. 
The magnetic hysteresis loops measured with the magnetic field parallel to the c-
axis of the thin films are compared in Figure 4. 3a, b and c for the vacuum one, the 
oxygen one and the one with the CeO2 interlayer, respectively. There is no obvious 
fishtail shape in the hysteresis loops for all the samples. The fishtail shape was reported 
in the bulk FeSe0.5Te0.5 and is correlated to the existence of a weak or non-
superconducting phase [58, 59]. This suggests the films are free from those weak or non-
superconducting phases. The critical current densities for all the films were derived by 
the Bean model which gives a reasonable estimation of the actual Jc value for the 
moderate magnetization change in the testing range [58, 59, 65]. The calculated Jc values 
are plotted in Figure 4. 3d, e and f, for 2 K, 4 K and 8 K, respectively. First, the vacuum 
and oxygen samples show very similar self-field Jc and in-field performance up to 4 T. 
After 4 T, the oxygen deposited sample shows a better in-field performance. More 
interestingly the sample with the CeO2 interlayer shows an obviously enhanced Jc value 
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in all field range up to 7 T. The calculated self-field current density for the film with the 
CeO2 interlayer at 2 K is ~10
5 A/cm2. This value is comparable to the bulk single crystal 
counterpart reports [59, 64, 65]. Even at 8 K the Jc plot remains flat up to 7 T. To 
quantitatively compare the flux pinning property, the power-law exponent α values for 
the low-field regime were estimated and compared for different films based on the insets 
of the log-log plots of Jc vs. field. The α values for the single layer sample deposited in 
vacuum are 0.30, 0.38 and 0.65 at 2 K, 4 K and 8 K, respectively. The one with the CeO2 
interlayer has the lowest α values among all the samples, i.e., 0.21, 0.24 and 0.33 at 2 K, 
4 K and 8 K, respectively. This suggests a significantly improved in-field performance 
for the sample with the CeO2 interlayer compared to the other configurations. 
Comparing two single layer samples, the sample deposited in oxygen atmosphere shows 
a better in-field performance especially under high magnetic fields. It is possible that the 
defects introduced during the oxygen deposition could act as the pinning centers in the 
sample. An improved flux pinning property was also reported in single crystal 
FeSe0.5Te0.5 bulk samples and it was correlated with a possible iron oxide formation in 
the sample [65]. However the flux pinning enhancement is much more significant in the 
film with the CeO2 interlayer. 
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Figure 4. 3 Magnetic hysteresis loops of the FeSe0.5Te0.5 thin films deposited (a) in 
vacuum with the CeO2 interlayer, (b) in oxygen, and (c) in vacuum, at 2 K, 4 K and 8 K. 
The corresponding field dependence of the critical current density for FeSe0.5Te0.5 thin 
films at (d) 2 K, (e) 4 K and (f) 8 K. The insets show the normalized critical current 
density plots in log-log scale for α value calculation. 
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Figure 4. 4 Cross-sectional TEM images with the corresponding selected area electron 
diffraction (SAED) patterns of FeSe0.5Te0.5 film deposited (a) in vacuum at 400°C, (c) in 
the controlled oxygen atmosphere at 400°C and (e) with the CeO2 interlayer deposited in 
vacuum at 400°C. The corresponding STEM images for (a), (c) and (e) are shown in (b), 
(d) and (f), respectively.  
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To explore the origin of the enhanced pinning properties, we conducted a 
detailed cross-sectional TEM, HRTEM and STEM study on the films. Figure 4. 4a 
shows the cross-sectional TEM image of the FeSe0.5Te0.5 film deposited on STO (001) at 
400oC in vacuum and Figure 4. 4b shows the STEM image. Based on the TEM image 
and the distinguished diffraction dots in the corresponding selected area electron 
diffraction (SAED) patterns in Figure 4. 4a, it confirms the high quality epitaxial growth 
of the FeSe0.5Te0.5 film on the substrate with all the (001) planes clearly observed and 
parallel to STO (001) planes. The interface between the FeSe0.5Te0.5 film and STO 
substrate is sharp without any intermixing observed. It is noted that in Figure 4. 4b, the 
STEM image for sample deposited in vacuum shows a small contrast difference in the 
film. This contrast difference is likely due to a small variation in the orientations of the 
two neighboring domains in the view area.  
Figure 4. 4c shows the TEM image of the film grown in oxygen atmosphere. The 
high epitaxial quality is evident by the clear lattice fringes, similar to that of the film 
deposited in vacuum. One feature different from the film deposited in vacuum is the 
non-uniform contrast in the film observed in the STEM analysis in Figure 4. 4d. STEM 
is also called Z-contrast image where the contrast is proportional to Z2 (more precisely 
Z1.7). The contrast variation clearly demonstrates the non-uniform distribution of the film 
composition, i.e., there are uniformly distributed nanoclusters with dark contrast. The 
average diameter of the clusters is around 10 nm. The dark contrast suggests these 
clusters are Te-deficient or Se-rich areas. These clusters could relax the strain and stress 
in the film. Usually in an ultra-high vacuum chamber used to deposit oxide materials, it 
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tends to form oxides, e.g., Fe3O4 was observed by magnetic susceptibility measurement, 
XRD and TEM in previous reports [65, 146]. However in this case, the Fe3O4 peak was 
not observed in the XRD plot possibly because of the trace amount of Fe3O4 in the film. 
Most likely the observed nanoclusters are Te-deficient or Se-rich areas instead of Fe3O4, 
since the FeSe0.5Te0.5 film matrix lattices are continues without obvious lattice structure 
variation across the film in the TEM images. It is highly possible these nanoclusters (Te-
deficient or Se-rich areas) introduced additional pinning centers in the sample that result 
in a better in-field performance compared to the sample deposited in vacuum.  
Figure 4. 4e shows the cross-sectional TEM image of the FeSe0.5Te0.5 film with 
the CeO2 interlayer deposited on STO (001) at 400
oC in vacuum. The sharp interface 
indicates the good chemical compatibility between FeSe0.5Te0.5 and CeO2. The epitaxial 
quality is high and comparable with the single layer samples. This suggests that CeO2 
provides a nice epitaxial interlayer in the matrix and does not deteriorate the overall film 
epitaxial quality. Based on the fast Fourier Transformation (FFT) images in Figure 4. 5 
as well as the XRD plots in Figure 4. 1 and SAED in Figure 4. 4, the epitaxial relations 
are determined to be (001)FeSe0.5Te0.5//(001)CeO2//(001)STO and 
(200)FeSe0.5Te0.5//(220)CeO2//(200)STO. The lattice mismatch is only as small as 0.3% 
between (200)FeSe0.5Te0.5 and (220)CeO2. The composition distribution analysis was 
performed by STEM as shown in Figure 4. 4f. The contrast difference in the thin 
interlayer is obvious. Again these nanoclusters are dark which suggests Se-rich or Te-
deficient areas. However the clusters are bigger (~20 nm) compared to the film deposited 
 114 
 
in oxygen. These nanoclusters could be effective pinning centers responsible for the 
enhanced pinning properties.  
 
Figure 4. 5 Cross-sectional HRTEM images of (a) the CeO2/FeSe0.5Te0.5 interface and 
(c) the FeSe0.5Te0.5/STO interface in the CeO2 interlayer sample. The corresponding fast 
Fourier filtered images with dislocations indicated are shown in (b) and (d). 
 
High resolution TEM image of the FeSe0.5Te0.5/CeO2 interface and the 
corresponding FFT image are shown in Figure 4. 5a. The corresponding FFT filtered 
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image in Figure 4. 5b shows the defects along the FeSe0.5Te0.5/CeO2 interface as well as 
in the FeSe0.5Te0.5 matrix. It is clear that high density misfit dislocations are observed 
along the interfaces as well as the area a few nms away from the interfaces. Similarly 
high resolution TEM image and the corresponding FFT filter image of the 
FeSe0.5Te0.5/STO interface from the nanolayer sample are shown in Figure 4. 5c and d, 
respectively. High density misfit dislocations are also observed at the interface area and 
extend to areas beyond the interface. This suggests that the dislocation density around 
the CeO2 nanolayer interfaces is higher than that around the FeSe0.5Te0.5/STO interface.  
The enhanced in-field performance in both the film with the CeO2 interlayer and 
the single layer film deposited in oxygen might be originated from the nanoclusters 
observed as well as the interfacial defects (misfit dislocations and strains) introduced by 
the heterogeneous interfaces. The film with the CeO2 interlayer has larger nanoclusters. 
However it also contains small defects including high density interfacial misfit 
dislocations along the interfaces as well as more grain boundaries in the top FeSe0.5Te0.5 
layer. This combination of defects could introduce stronger pinning effects in the sample 
compared to the ones with just the smaller nanoclusters. Most likely the interfacial 
defects introduced by the CeO2 nanolayer in the film are responsible for the enhanced 
superconducting properties under self-field and low field, while the uniformly 
distributed nanoclusters in the CeO2 nanolayer sample are strong fluxing pinning centers 
at high magnetic field. A more detailed microstructural study is underway to reveal the 
exact composition of the nanoclusters as well as their formation mechanisms in the 
films. 
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4.5 Conclusions 
We have successfully grown epitaxial superconducting FeSe0.5Te0.5 thin films on 
STO substrates with various deposition conditions and with or without the CeO2 
interlayer. The samples all have a similar Tconset around 12K, while their in-field 
performances are vastly different. The sample with the CeO2 interlayer shows the 
highest Jc in the whole magnetic field range (0 T to 7 T) and the Jc is as high as 2.8×104 
A/cm2 at 7 T at 2 K. The Jc plot remains very flat up to 7 T and the extrapolated α value 
for the sample is around 0.21 at 2 K. It suggests the FeSe0.5Te0.5 thin film with the CeO2 
interlayer has the best in-field performance among all the samples. The enhanced in-field 
performance is attributed to the high epitaxial film quality, uniformly distributed 
nanosize clusters (Se-deficient and Te-rich regions) and the additional interfacial defects 
introduced by the CeO2 nanolayer. This is an initial demonstration of enhanced in-field 
performance of FeSe0.5Te0.5 thin films using nanoscale defects in the film matrix.  
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CHAPTER V 
HIGHLY TEXTURED SUPERCONDUCTING FESE0.5TE0.5 THIN FILMS ON GLASS 
SUBSTRATES* 
 
5.1 Overview 
Superconducting FeSe0.5Te0.5 thin films are deposited on amorphous substrates, 
i.e. glass substrates by a pulsed laser deposition (PLD) technique. Microstructural 
characterizations show that the films are highly textured along (00l) with good 
crystallinity. The superconducting critical transition temperature (Tc) ranges from ~8 to 
~10 K. The self-field critical current density (Jcsf) at 4 K is ~1.2×104 A/cm2. The in-field 
critical current density (Jcin-field) decreases slowly under high magnetic field confirmed 
by both transport and magnetization measurements. The growth of high quality 
superconducting FeSe0.5Te0.5 thin films on amorphous substrates demonstrates a low cost 
architecture for future iron-based superconductor coated conductors.  
 
 
 
 
 
 
 
 
*This chapter is reprinted with permission from “Highly Textured Superconducting 
FeSe0.5Te0.5 Thin Films on Glass Substrates” by Li Chen, et al., Japanese Journal of 
Applied Physics, 52, 020201 (2013). Copyright © 2013 Japan Society of Applied 
Physics. 
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5.2 Introduction 
High temperature superconducting (HTS) wires have gone through a revolution 
in the past two decades. The “first generation” (1G) powder-in-tube (PIT) HTS wires are 
based on the traditional wire drawing of the Bi2Sr2Ca2Cu3O10+x (BSCCO) (Tc=112 K). 
However the grains in the wire are not well aligned which results in low Jc and also the 
cost is relatively high due to the use of silver in these superconducting wires.[116] The 
“second generation” (2G) HTS coated conductor wires are based on the high quality 
epitaxial growth of YBa2Cu3O7–δ (YBCO) films on either rolled textured metal substrates 
(so-called RABiTS process)[117] or the ion-beam-assisted deposition of highly textured 
template (IBAD) on metal substrates[118-120]. In the above two generations of HTS 
wires, either highly epitaxial template for the growth of YBCO film, or rolling and post-
heat treatment for the case of highly textured BSCCO wires is required.  
Since 2008 the discovery of iron-based superconductors La[O1-xFx]FeAs[21] has 
triggered the exploration of superconductors with even better performance than cuprates 
under some circumstance as well as their superconducting mechanism research. Among 
them iron chalcogenide is a promising material with a binary composition.[25] 
Compared to the iron pnictide it does not contain the toxic arsenic and it has the simplest 
structure without decoration between each iron layer which is responsible for the 
superconducting properties. The Tc of the FeSe can be boosted to 37 K by pressure 
effect.[31] In the covalent doped iron chalcogenide, the superconducting property was 
enhanced by changing the Se/Te height.[82] The epitaxial iron chalcogenide thin films 
were grown on various single crystalline substrates including SrTiO3 (STO), MgO and 
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LaAlO3 (LAO); by deposition parameter optimization, the superconducting properties 
can be further tuned.[45, 100] The Jc was also explored for bulk as well as thin films.[66, 
109, 154, 155] For the optimized thin films on single crystal substrates[66, 154], the Jcsf 
is as high as 8×105A/cm2 at 4.2 K which is much higher than the polycrystalline thin 
film[155] with Jcsf lower than 103A/cm2. Even the design of the pinning landscape was 
carried out to optimize the in-field performance of iron chalcogenide thin films.[156] 
Very recently, IBAD epitaxial MgO coated Hastelloy substrates were used to grow high 
quality FeSe0.5Te0.5 tape with excellent in-field performance. It has a great potential to 
substitute Nb3Sn wires which are dominant in the high field applications including the 
commercialized high field medical equipment and magnetic measurement systems.[67] 
However the films grown on single crystalline substrates cannot be easily used for large 
scale coated conductor applications and the films demonstrated on IBAD substrate 
involves multiple steps of seed layer and buffer layer deposition to establish the epitaxial 
growth template for the following iron chalcogenide growth. Therefore a simplified and 
cost effective iron-based coated conductor is more desirable.  
Here we demonstrate for the first time that the superconducting FeSe0.5Te0.5 film 
can be directly grown on amorphous glass substrates with one-step deposition. Here 
glass substrates were selected for the demonstration of the highly textured thin film 
growth and excellent superconducting properties, e.g., transition temperature of 10 K 
and Jc under self-field as high as 1.2×104 A/cm2 at 4 K. The possible mechanism for the 
textured growth on amorphous substrates is also discussed. 
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5.3 Experimental 
FeSe0.5Te0.5 targets were prepared by a standard solid-state reaction method with 
the appropriate stoichiometric mixture of Fe, Se, and Te powders. The FeSe0.5Te0.5 thin 
films were deposited at 400 °C on glass slide (Thermo Fisher Scientific Microscope 
Slides) in a PLD system with a KrF excimer laser (Lambda Physik Compex Pro 205, 
λ=248 nm, 5Hz). The base pressure for all the depositions was around 10−6 Torr. The 
total thickness of the FeSe0.5Te0.5 thin films was kept around 100 nm. 
5.4 Results and Discussion 
Figure 5. 1 shows the θ-2θ X-ray Diffraction (XRD) data for a typical film on 
glass substrate. The peaks are all corresponding to the (00l) peaks of FeSe0.5Te0.5. The 
calculated c-axis lattice parameter is around 5.88 Å which is slightly smaller than the 
bulk value but comparable to other thin film reports.[102, 153] The preferred (00l) peaks 
suggest that the film has grown highly textured along (00l) with good film quality. The 
XRD profile of a bare glass substrate is presented in Figure 5. 1 to confirm the 
amorphous nature of the substrate.  
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Figure 5. 1 XRD θ-2θ plots of the FeSe0.5Te0.5 thin film on glass substrate and a bare 
glass substrate as reference.  
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Figure 5. 2 (a) Cross-sectional TEM image with the corresponding SAED of FeSe0.5Te0.5 
film deposited on glass substrate; (b) a high resolution cross-sectional TEM image; (c) 
plan-view TEM image with the corresponding SAED and SAED simulation in the 
insets; (d) a high resolution plan-view TEM image. 
 
Figure 5. 2 presents the transmission electron microscopy (TEM) results for (a) 
low magnification cross-section overview, (b) high resolution cross-section view, (c) 
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low magnification plan-view overview and (d) plan-view high resolution image for a 
typical FeSe0.5Te0.5 film on glass. The cross-section TEM images (a) and (b) both present 
the c- planes are parallel to the glass surface with excellent film quality. High resolution 
image along the film-substrate interface shows obvious film lattices and the clean film-
substrate interface. The film thickness is around 100 nm. The corresponding selected 
area electron diffraction (SAED) pattern demonstrates the perfect out-of-plane alignment 
as FeSe0.5Te0.5 (00l) diffraction dots are all distinguished along the vertical direction. It 
is interesting to note the local textured in-plane alignment of the film, i.e., the main in-
plane orientation of FeSe0.5Te0.5 (010) with a minor orientation of FeSe0.5Te0.5 (110) 
indicated by the weak spots in the diffraction pattern in Figure 5. 2 (a) [the (010) and 
(110) orientations are notated by the red and blue rectangles in the diffraction pattern, 
respectively]. 
In Figure 5. 2 (c) the low magnification plan-view image with the corresponding 
diffraction pattern is shown. The diffraction pattern indicates two sets of diffraction dots 
(with certain range of arcs) marked as two squares which is consistent with the 
diffraction pattern simulation in the inset of Figure 5. 2 (c). The two sets of diffraction 
dots/arcs are ~ 45 ° apart which can be correlates to the two sets of grains that are 45 ° 
apart in-plane. It is noted that the local in-plane texture exists in the film on amorphous 
substrate but it is relatively local.  
The surprising part comes from the semi-epitaxial growth of the FeSe0.5Te0.5 film 
(i.e., excellent out-of-plane texture and local in-plane texture property) on amorphous 
substrate, a substrate without any typical crystal structure or grain alignment. This 
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suggests that FeSe0.5Te0.5 has a great tendency in growing in a preferred grain alignment 
even on random amorphous substrate. In addition, based on previous thin film 
reports[45, 55], the substrate lattice confinement which introduces the tetrahedral 
distortion was claimed to be responsible for the c-axis reduction. In our case, based on 
SAED pattern in Figure 5. 2 (a), the a and b-axis parameters remain the same as the bulk 
value around 3.79 Å. But interestingly the c-axis from the SAED pattern is reduced to 
5.88 Å, which is consistent with the XRD results. It is possible that the c-axis reduction 
is the intrinsic property of the FeSe0.5Te0.5 thin film compared to bulk, since there is no 
or very limited substrate confinement from the amorphous substrates. According to Imai 
et al. the high c/a ration is important for the superconducting transition 
temperature[157]; in our case the ratio is comparable to that on MgO, STO and LAO 
substrates. 
 
Figure 5. 3 R-T plot of the FeSe0.5Te0.5 thin film on glass substrate from 2 K to 20 K 
under magnetic field (0-9 T). The insets show the whole measurement range from 2 K to 
400 K and the irreversibility line Hirr(T) and the upper critical field Hc2(T). 
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The superconducting properties of the films were first characterized using the 
resistivity-temperature (R-T) measurement by a four-point probe method in a physical 
property measurement system (Quantum Design PPMS 6000). The in-field transport 
measurement up to 9 T (H//c) is demonstrated. Figure 5. 3 shows the thin film has a 
transition from ~10 K (Tconset) to ~8 K (Tczero). The irreversibility line Hirr(T) 
extrapolated with the Tczero and the upper critical field Hc2(T) extrapolated with the Tconset 
are plotted in the inset. The upper critical field was estimated by the Werthamer-
Helfand-Hohenberg model,  
−𝑯𝒄𝟐(𝟎) = 𝟎.𝟕𝑻𝒄 𝒅𝑯𝒄𝟐 𝒅𝑻⁄ |𝑻𝒄 (Equation 5. 1) 
using the onset of the superconducting transition temperature.[55, 101] The upper 
critical field Hc2 is estimated to be ~ 77 T. Compared to the previous reports the upper 
critical field is slightly smaller than that of the film on single crystal substrate of 100 T 
[102] , however much higher than 27 T reported in the FeSe0.5Te0.5 superconductor wires 
made by PIT method [123].  
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Figure 5. 4 (a)The field dependence of the critical current density for a typical 
FeSe0.5Te0.5 thin film on glass measured by both M-H and transport measurements; (b) 
the magnetic hysteresis loops at 2 K, 4 K and 8 K; (c) the representative transport 
measurement at 4 K and 2 T.  
 
Both the self-field and in-field critical current density values [Jcsf and Jcin-field 
(H//c)] were measured under the applied magnetic field of 0 T ~ 7 T at various 
temperatures (8, 4, and 2 K) by the vibrating sample magnetometer (VSM) in PPMS. 
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Here the moment versus magnetic field (M-H) hysteresis loops are shown in Figure 5. 4 
(a). For the VSM measurement the critical current densities were derived by the Bean 
model, 
𝐽𝑐 = 20∆𝑀𝑎(1−𝑎/3𝑏) (Equation 5. 2) 
where ∆𝑀 is the opening in the hysteresis loop; a and b are the sample dimensions. The 
calculated self-field current density at 4 K is ~1.2×104 A/cm2.  
In addition we carried out a transport measurement to directly measure Jc. Due to 
the current limit in PPMS (1000 A/cm2) it could only measure from 2 to 7 T for these 
samples using the transport measurement. As an example, the measurement result at 4 K 
under 2 T was plotted in Figure 5. 4 (b). The 1 µV/cm criterion was used to measure the 
Jc. The Jc versus magnetic field plot using the VSM results as well as the transport 
measurement results at 4 K are plotted in Figure 5. 4 (c). The Jc results are quite 
consistent by these two techniques and the Jc plot is continuous at 4 K, for example Jc at 
4 K, 2 T is ~800 A/cm2. In the high magnetic field range the Jc decreases slowly as the 
field increases. This film presents a much higher Jcsf than the iron chalcogens wires 
made by the diffusion method using the PIT technique which have a Jcsf value around 
200 A/cm2.[123, 158, 159] The Jcsf is still one order of magnitude smaller than the 
epitaxial films grown on the IBAD MgO which have a Jcsf as high as 2×105 A/cm2.[67] 
This could be correlated with the local in-plane textured property of the films with high 
grain boundary density in the film which is a common reason for the Jc depression in the 
cuprates as well as in iron pnictides[121]. In addition the Tc of 10 K is lower than the 
films on single crystal substrates which have a Tconset ranging from 12 to 21 K. [63, 109, 
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154, 156, 160] However this initial demonstration of iron chalcogenide thin film directly 
grown on amorphous substrate has already shown impressive in-plane and out-of-plane 
texture and good superconducting properties comparable to some literature reports.[157, 
161] The initial amorphous layers on the single crystal substrate were considered 
detrimental to the superconducting properties. However in our case the amorphous 
substrate did not deteriorate the superconducting transition, on the contrary it shows 
better properties than the films on some of the incompatible single crystal 
substrates.[157, 161] With further optimization on the deposition and selecting different 
amorphous substrates, there is still room to further improve the film in-plane texturing to 
a larger scale and minimize the grain boundary density to achieve better superconducting 
properties. The approach demonstrates a low cost method for processing a new class of 
coated conductors on low cost substrates, including glass and amorphous buffered metal 
tapes. In addition, further work shall be considered to achieve a smooth growth surface 
regardless of the substrate texture or the atomic scale lattice parameter, and minimize the 
film-substrate interaction.  
5.5 Conclusions 
In conclusion, highly textured FeSe0.5Te0.5 thin films were deposited on glass 
substrates with a Tconset of 10 K and an upper critical field of 77 T. The self-field critical 
current density is around 1.2×104 A/cm2 at 4 K and Jcin-field is ~800 A/cm2 at 4 K, 2 T. 
This is the first demonstration of highly textured iron chalcogenide thin film on 
amorphous substrates, which presents a new approach for processing iron-based 
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superconductor coated conductors on amorphous substrates or amorphous buffered metal 
substrates. 
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CHAPTER VI 
GROWTH AND PINNING PROPERTIES OF SUPERCONDUCTING 
NANOSTRUCTURED FESE0.5TE0.5 THIN FILMS ON AMORPHOUS 
SUBSTRATES* 
6.1 Overview 
FeSe0.5Te0.5 thin films were deposited by a pulsed laser deposition technique on 
amorphous substrates, e.g. for demonstration, glass substrates were used. Various 
interlayers were introduced to enhance the superconducting properties. Detailed 
microstructural characterizations including X-ray diffraction (XRD) and cross-sectional 
transmission electron microscopy (TEM) were conducted to verify the film quality. The 
results indicated the highly textured FeSe0.5Te0.5 film along (00l) direction on the glass 
substrate with good crystallinity. The transport properties were measured by a physical 
property measurement system (PPMS). The superconducting critical transition 
temperature (Tc) is around 6 K. The critical current densities (Jc) were measured by the 
vibrating sample magnetometer (VSM) in the PPMS at 2 K under magnetic field up to 1 
T. The growth of high quality superconducting FeSe0.5Te0.5 thin film demonstrates a low 
cost method for processing future iron-based superconductor coated conductors.  
 
 
 
 
 
*This chapter is reprinted with permission from “Growth and Pinning Properties of 
Superconducting Nanostructured FeSe0.5Te0.5 Thin Films on Amorphous Substrates” 
by Li Chen, et al., IEEE Transactions on Applied Superconductivity, 23, 7500904 
(2013). Copyright © 2013 IEEE. 
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6.2 Introduction 
Since the discovery of superconductivity in iron selenide (FeSe) with a transition 
temperature around 8 K [25], this iron-based arsenic-free superconductor with simple 
structure has attracted much research interest regarding its origin of superconductivity 
[31, 38] and the property enhancement [27, 44, 47, 63, 102]. Although the iron 
chalcogenide superconductor has much lower Tc compared to the traditional cuprates, 
the high current density at high magnetic field and the small anisotropy make it a 
promising substitution of NbSn/NbTi in high field applications [102]. In addition, the 
magnetic energy stored in an superconducting magnetic energy storage (SMES) is 
proportional to B2 and therefore the high Hc2 makes it a favorable material for energy 
storage systems [67]. 
The bulk properties of FeSe were studied thoroughly including stoichiometry 
[40], pressure effect [31, 46, 89], critical current density [59, 65] and covalent doping 
such as FeSexTe1-x and FeSexS1-x [27]. The Tc of the FeSe can be boosted to 37 K by 
pressure effect.[31] In the covalent doped iron chalcogenide, the superconducting 
property was enhanced by changing the Se/Te height [82]. The magnetic current density 
was also explored for bulk first with Jc as high as 105 A/cm2 at 2 K however with some 
minor non-superconducting or weakly superconducting phase indicated by the fishtail 
shape magnetic hysteresis loop [59]. Later the thin films were grown on single crystal 
substrates. Most of the thin films were deposited by pulsed laser deposition (PLD). The 
lattice matching between the iron chalcogenide and the ceramic substrates such as STO, 
MgO and LAO, results in a high quality film with (00l) plane parallel to the substrate 
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surface [47, 55, 102, 156]. The Jcsf was reported as high as 8×105A/cm2 at 4.2 K for the 
epitaxial thin films on single crystal substrates[66, 154], which is much higher than the 
polycrystalline thin films with Jcsf lower than 103A/cm2 [155]. Towards the practical 
applications, the wires were made by powder-in-tube (PIT) technique, however the 
critical current density of the wires was only several hundred A/cm2 [158, 159, 162] at 4 
K which was much lower than the bulk value. The FeSe0.5Te0.5 film was deposited on 
highly textured MgO template on metal tape with ion-beam-assisted deposition (IBAD) 
technique which was used to grow YBCO thin films [116] and the epitaxial film has a 
large critical current density as high as 2×105 A/cm2 at 4 K. The IBAD MgO substrate is 
a promising substrate for coated conductor application, however the cost is relatively 
high [67]. 
In this paper we report highly textured FeSe0.5Te0.5 films directly grown on low 
cost amorphous substrates by PLD method. Here we demonstrate the growth of 
FeSe0.5Te0.5 on glass substrate and optimization of the film growth with various 
nanoscale interlayers. Compared to the cuprates with a quite complex buffer layer stack 
and strict growth conditions such as the single crystal substrate or substrate treatment 
and annealing procedure, the high crystallinity and the simple stacking order make the 
iron chalcogenide a potential candidate for future low cost coated conductors on 
amorphous substrates or amorphous buffered metal substrates.  
6.3 Experimental 
A FeSe0.5Te0.5 target was prepared by a standard solid-state reaction method with 
an appropriate stoichiometric mixture of the Fe, Se and Te powders. The 
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FeSe0.5Te0.5/CeO2 (1:1) composite target was prepared by solid-state reaction of the 
stoichiometric mixture of the Fe, Se, Te and CeO2 powders. The pure FeSe0.5Te0.5 thin 
film, the FeSe0.5Te0.5 thin film with a 7 nm thick CeO2 interlayer and the FeSe0.5Te0.5 thin 
film with a 7 nm thick FeSe0.5Te0.5/CeO2 (1:1) composite interlayer were deposited at 
400 °C on amorphous glass substrates cut into size 5mm × 10mm (Regular microscopic 
glass slides, Thermo Fisher Scientific Inc.) in a PLD system with a KrF excimer laser 
(Lambda Physik Compex Pro 205, 248 nm, 5 Hz). During deposition, the target–
substrate distance was kept at 4.5 cm.  
The growth rate of the FeSe0.5Te0.5 is around 0.5 Å/pulse. The laser power 
density was 3 J/cm2 for the FeSe0.5Te0.5, CeO2 and FeSe0.5Te0.5/CeO2 composite targets. 
The base pressure for all the depositions was around 10-6 Torr under vacuum. The total 
thickness of the FeSe0.5Te0.5 thin films was kept around 100 nm. The interlayer was 
introduced into the FeSe0.5Te0.5 film matrix by alternating ablation of the FeSe0.5Te0.5 and 
the corresponding interlayer targets. The CeO2 interlayer has been previously introduced 
to overcome the Jc thickness dependence in YBCO film [151]. It was also introduced 
into FeSe0.5Te0.5 film [156], which shows enhanced superconducting properties (Jc and 
Tc).  
The microstructure of the films was characterized by X-ray diffraction (XRD) 
and transmission electron microscopy (TEM). The superconducting properties were 
characterized using resistivity-temperature (R-T) measurement by a four point probe 
method from 2 K to 300 K in a physical property measurement system (PPMS, Quantum 
Design). Both the self-field and in-field critical current density (Jcsf and Jcin-field (H//c)) 
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were measured under the applied magnetic field of 0 T ~ 1 T at 2 K by the vibrating 
sample magnetometer (VSM) in the PPMS. 
6.4 Results and Discussion 
 
Figure 6. 1 XRD θ-2θ plots of the pure FeSe0.5Te0.5 thin film, FeSe0.5Te0.5 thin film with 
a CeO2 interlayer and FeSe0.5Te0.5 thin film with a FeSe0.5Te0.5/CeO2 composite 
interlayer on glass substrates. 
 
Figure 6. 1 shows the θ-2θ XRD data for the FeSe0.5Te0.5 films on glass 
substrates. For all three film structures the peaks are all corresponding to the (00l) peaks 
of FeSe0.5Te0.5. The CeO2 peak is not obvious due to the small amount of CeO2 in the 
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film. The calculated c-axis lattice parameter is around 5.88 Å which is slightly smaller 
than the bulk value but comparable to other thin film reports [102, 153]. The preferred 
(00l) peaks suggest that the film has grown highly textured along (00l) with good film 
quality. The pure FeSe0.5Te0.5 film and film with FeSe0.5Te0.5/CeO2 composite interlayer 
show stronger peaks compared to the film with CeO2 interlayer. In addition the peaks for 
the FeSe0.5Te0.5 film with CeO2 layer tend to split into two peaks for each (00l) peak. 
The possible reason is discussed later. 
 
Figure 6. 2 (a) R-T plot of the pure FeSe0.5Te0.5 thin film, FeSe0.5Te0.5 thin film with 
CeO2 interlayer and FeSe0.5Te0.5 thin film with FeSe0.5Te0.5/CeO2 composite interlayer on 
glass substrates from 0 K to 20 K. (b) shows the whole measurement range from 2 K to 
300 K.  
 
In Figure 6. 2 R-T measurement results show a Tczero of 3 K for the pure 
FeSe0.5Te0.5 film. The Tczero for the film with FeSe0.5Te0.5/CeO2 composite interlayer is 
around 6 K, which has the highest Tc among all three film structures. Surprisingly the 
film with the CeO2 layer is not as good as expected. The reason is further illustrated in 
the TEM data where the CeO2 (001) planes were not perfectly aligned parallel to the 
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substrate surface. The CeO2 layer tends to be polycrystalline without long range order on 
the first FeSe0.5Te0.5 layer, which could result in the disordered alignment for the second 
layer FeSe0.5Te0.5 film. The Tc is lower than the epitaxial thin films on single crystal 
substrates that have a Tconset ranging from 12 K to 21 K [63, 109, 154, 160] and it is 
possibly due to the compositional variation at atomic scale. 
 
Figure 6. 3 (a) Cross-sectional TEM image with the corresponding SAED of single layer 
FeSe0.5Te0.5 film deposited on glass substrate and the high resolution cross-sectional 
TEM image is shown in (b). (c) Cross-sectional TEM image with the corresponding 
SAED of the FeSe0.5Te0.5 thin film with CeO2 interlayer on glass substrate and the high 
resolution cross-sectional TEM image is shown in (d). (e) Cross-sectional TEM image 
with the corresponding SAED of the FeSe0.5Te0.5 thin film with FeSe0.5Te0.5/CeO2 
composite interlayer on glass substrate and the high resolution cross-sectional TEM 
image is shown in (f). 
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The cross-sectional TEM images in Figure 6. 3 show the microstructure analysis 
of all three samples. Figure 6. 3 (a) and (b) show the low magnification and high 
resolution TEM image of a pure FeSe0.5Te0.5 film on glass substrate. The inset in (a) is 
the corresponding diffraction pattern. The image demonstrates that the overall quality of 
the single layer film is high except some columnar grain structure. The grain boundary is 
across the entire film thickness. Figure 6. 3 (c) and (d) show the low magnification and 
high resolution TEM image of the film with a 7 nm CeO2 interlayer. The interlayer 
introduced into the film may provide the platform for the second FeSe0.5Te0.5 layer. 
However, in the film with the CeO2 interlayer, the CeO2 did not grow on the FeSe0.5Te0.5 
film with the perfect FeSe0.5Te0.5 (001) planes // CeO2 (001) planes as in the epitaxial 
film [156], instead the CeO2 turns out to be polycrystalline without long range order, 
which disrupts the second layer growth. Comparing to the film with the CeO2 interlayer, 
the film with the FeSe0.5Te0.5/CeO2 composite interlayer provides a very smooth 
platform for the second layer growth as shown in Figure 6. 3 (e) and (f). This interlayer 
fills the gap of the grain boundary from the first layer. In addition the top surface is 
smoother than the one with the CeO2 interlayer. The a-b plane alignment of the second 
layer is much better than the first layer. From the diffraction patterns of the three films as 
inset in a, c and e respectively, the c-axis is aligned vertical to the substrate surface. 
However for the diffraction pattern corresponding to the a-b plane, there are extra 
diffraction dots suggesting some in-plane rotation of the grains in the films for all three 
cases. The film is in-plane textured however it is relatively local comparing to the film 
grown on single crystal substrates. 
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Figure 6. 4 (a) M-H loops of the pure FeSe0.5Te0.5 thin film, FeSe0.5Te0.5 thin film with 
CeO2 interlayer and FeSe0.5Te0.5 thin film with FeSe0.5Te0.5/CeO2 composite interlayer on 
glass substrates. (b) The calculated critical current densities for the pure FeSe0.5Te0.5 thin 
film, FeSe0.5Te0.5 thin film with CeO2 interlayer and FeSe0.5Te0.5 thin film with 
FeSe0.5Te0.5/CeO2 composite interlayer on glass substrates.  
 
Both the self-field and in-field critical current density values (Jcsf and Jcin-field 
(H//c)) were measured under the applied magnetic field of 0 T ~ 1 T at 2 K by VSM in 
the PPMS. Here the moment versus magnetic field (M-H) hysteresis loops are shown in 
Figure 6. 4. For the VSM measurement the critical current densities were derived by the 
Bean model: 
𝑱𝒄 = 𝟐𝟎∆𝑴𝒂(𝟏−𝒂/𝟑𝒃) (Equation 6. 1) 
where ∆𝑀 is the opening in the hysteresis loop; a and b are the sample dimensions. Bean 
model gives a reasonable estimation of the actual Jc value for the moderate 
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magnetization change in the testing range [59, 65]. The calculated self-field current 
densities at 2 K for the film with the composite interlayer, the pure film and the film 
with CeO2 interlayer are 1.6×10
4 A/cm2, 5.8×103 A/cm2 and 2.9×103 A/cm2, 
respectively. Compared to the previous report [162] on the FeSe0.5Te0.5 wires by PIT 
technique, the critical current density is much higher for all of these three film 
configurations. Comparing these three film configurations, the Jc values are largely 
varied and the critical current density variation is possibly due to the grain boundary 
effect, i.e., the high density of large angle boundaries block the current flow in the 
superconductor. The enhancement in the case of the FeSe0.5Te0.5/CeO2 composite 
interlayer results from the good film quality and better alignment of the a-b plane 
confirmed by the TEM result. However for the case of CeO2 interlayer film, due to the 
polycrystalline CeO2, the second FeSe0.5Te0.5 layer growth was disrupted without a good 
a-b plane alignment. This is also confirmed by the XRD results where the peak split and 
widening were observed. The superconducting properties could therefore be deteriorated 
by misaligned lattice planes, similar to the case in cuprates as well as iron pnictides 
[121]. It is noted that the film with the CeO2 interlayer begins to show a higher critical 
current density under 0.8 T compared to the pure film possibly because of the flux 
pinning from the misfit dislocations formed between the interlayer and the FeSe0.5Te0.5 
film. The growth of FeSe0.5Te0.5 films on glass substrates demonstrates a low cost 
method for processing iron-based superconductor on low cost substrates such as glass 
and amorphous buffered metal tapes. In addition, further work shall be considered to 
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achieve a smooth growth condition regardless of the substrate or the interlayer texture or 
the atomic scale arrangement, and to minimize the film-substrate/interface interaction. 
6.5 Conclusion 
In conclusion, FeSe0.5Te0.5 films, in single layer form, with CeO2 interlayer and 
FeSe0.5Te0.5 films with FeSe0.5Te0.5/CeO2 composite interlayer were grown on glass 
substrates with high c-axis texturing. The superconducting transition temperature is 
around 6 K. The critical current density at 2 K is around 1.6×104 A/cm2 for the optimized 
film structure with the FeSe0.5Te0.5/CeO2 composite interlayer. With further optimization 
on the growth condition to increase the in-plane texture, the superconducting properties 
could be further enhanced for future iron-based superconductor coated conductors. 
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CHAPTER VII 
SUPERCONDUCTING PROPERTIES OF IRON CHALCOGENIDE CLOSE TO AFM 
ORDERING 
7.1 Overview 
In this study the Te rich iron chalcogenide thin film with composition close to the 
AFM ordering has been demonstrated. Compared to the optimum composition 
FeSe0.5Te0.5 according to the literature report, the FeSe0.1Te0.9 is even more promising for 
the high field application with its high upper critical field and high critical current 
density at the same time. 
7.2 Introduction 
The iron chalcogenide demonstrates the interplay of structure, magnetism and 
superconductivity; the end-member FeSe and FeTe have quite different physical 
properties although with a similar crystal structure. FeSe exhibits metallic behavior in 
the normal state and has a Tconset of 13 K [27]. FeSe film and the composition close to the 
FeSe end will experience a structure transition tetragonal to orthorhombic at low 
temperature described as distortion in the xrd result by Wang et al. [54] which is 
important to the superconducting transition. The transition may be suppressed by the 
substrate confinement such as thin film on MgO, STO and LAO substrate with square 
thin film growth template (a = b) which will suppress the superconducting transition.  
FeTe used to be predicted the iron chalcogenide with highest transition 
temperature [60], however FeTe exhibits AFM ordering around 70K along with a 
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structural transition from tetragonal to monoclinic where the anomaly appears in the 
resistivity vs. temperature curve, and does not show superconductivity. [73]  
So the FeSe1-xTex epitaxial thin film with compositions far away from the FeSe 
side without the orthorhombic transition at low temperature and close to the FeTe 
without the monoclinic transition at low temperature [75] may have better 
superconducting properties. 
The high quality epitaxial thin film is an ideal template to do comparison study 
with the theoretical calculation. Compared to the bulk materials the epitaxial FeTe 
superconducting thin films have been demonstrated by strain effect [103] and oxygen 
incorporation [104, 105]. The Se or S can be covalently doped in FeTe to suppress the 
AFM state from long range to short range to induce the superconducting transition. [75] 
The bulk materials already been studied for tellurium substitution effect [27, 72, 73].  
In this research Te riched targets of FeTe, FeSe0.1Te0.9 and FeSe0.5Te0.5 was 
synthesized for a systematic study for the thin films. Here we demonstrate the Te rich 
iron chalcogenide may have even better superconducting properties than the FeSe0.5Te0.5 
which is commonly thought to be the one with the best properties [73]. Upon small 
amount of Se doping into the FeTe, high Jc comparable to the optimized composition 
FeSe0.5Te0.5 and extremely high Hc2 comparable to the FeTe : Ox [104] were achieved. 
The FeSe0.1Te0.9 thin film can be also grown on amorphous substrate such as glass 
substrate a in a highly textured layer by layer fashion with high performance. And the 
FeTe used to be considered as non-superconducting phase in bulk form is grown into 
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thin films on various substrates including the glass substrate with superconducting 
properties.  
7.3 Experimental 
FeSe0.5Te0.5, FeSe0.1Te0.9 and FeTe targets were prepared by a standard solid-
state reaction method with appropriate stoichiometric mixture of the Fe, Se and Te 
powders. The pure FeSe1-xTex (x = 0.5, 0.9 and 1) thin films were deposited at 400 °C on 
single crystal STO (001) substrates and glass substrate in a PLD system with KrF 
excimer laser (Lambda Physik Compex Pro 205, λ = 248nm, 5Hz). During deposition, 
the target-substrate distance was kept at 4.5 cm. The growth rate of the FeSe1-xTex is 
around 0.5 Å/pulse. The laser power density was 3 J/cm2. The base pressure for all the 
depositions was around 10−6 Torr in vacuum. The total thickness of the FeSe0.5Te0.5 thin 
films was kept around 100 nm. 
The microstructure of the films was characterized by X-ray diffraction (XRD) 
(Panalytical XPert X-ray diffractometer and BRUKER D8 powder X-ray 
diffractometer), transmission electron microscopy (TEM). The superconducting 
properties were characterized using resistivity-temperature (R-T) measurement by a four 
point probe method from 2 K to 300 K in a physical property measurement system 
(PPMS, Quantum Design). Both the self-field and in-field critical current density (Jcsf 
and Jcin-field (H // c)) were measured under the applied magnetic field of 0 T ~ 7 T at 
various temperatures by the vibrating sample magnetometer (VSM) in the PPMS. 
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7.4 Results and Discussion 
 
 
Figure 7. 1 XRD plots of the single layer FeSe0.5Te0.5, FeSe0.1Te0.9 and FeTe thin films 
on STO substrates. (a) θ-2θ scan. (b) φ scan of the FeSe1-xTex (112) peak. 
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Figure 7. 1 (a) shows the standard θ-2θ XRD scans for the FeSe0.5Te0.5, 
FeSe0.1Te0.9 and FeTe films deposited on the STO substrates. All the FeSexTe1-x films 
are determined to be tetragonal phase without impurity phase and highly textured along 
FeSexTe1-x (00l) on STO (001). With increasing Te concentration the c axis parameter 
becomes larger and the c-axis lattice parameters for the FeSe0.5Te0.5, FeSe0.1Te0.9 and 
FeTe films are 5.9615 Å, 6.1851 Å and 6.2585 Å, respectively. Figure 7. 1 (b) shows the 
φ scan of the FeSe1-xTex (112) peak. The four sharp peaks indicate the in plane texture 
for the thin films. The full width at half maximums (FWHM) for the FeSe0.5Te0.5, 
FeSe0.1Te0.9 and FeTe are 3.7°, 1.9° and 5.3° respectively. The in plane alignment for the 
FeTe film is not as good as the doped one with the FeSe framework. Notice the 
FeSe0.1Te0.9 has even a better in plane texture than the FeSe0.5Te0.5 thin film.  
The cross-section TEM images in Figure 7. 2 (a) and (b) both present the c- 
planes are parallel to the glass surface with excellent film quality. High resolution image 
along the film-substrate interface shows obvious film lattices and the clean film-
substrate interface. The film thickness is around 100 nm. The film quality is comparable 
to the FeSe0.5Te0.5 thin film on STO substrate we reported before [156]. The c-axis 
parameter and ab plane lattice parameter are calculated to be 6.1721 Å and 3.8519 Å 
according to the diffraction pattern. The c-axis parameter is consistent with the XRD 
result. Compared to the previous bulk FeSe0.1Te0.9 with c ~ 6.2136 Å and a ~ 3.8175 Å 
[72], the unit cell volume almost remain the same. It is similar to the FeTe thin film on 
STO substrate which was ready to change shape to accommodate the mismatch between 
the interface [103].  
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Figure 7. 2 TEM results for (a) low magnification cross-section overview with inset 
showing the SAED for the film with substrate, (b) high resolution cross-section view for 
at FeSe0.1Te0.9 thin film on STO substrate.  
 
(b) 
(a) 
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Figure 7. 3 (a) and (b) show the R-T plots of the FeSe0.1Te0.9 and FeSe0.5Te0.5 thin films 
on STO from 2 K to 300 K. The insets of (a) and (b) show the detailed superconducting 
transition regime from 2 K to 20 K under magnetic field. The estimations of Hirr and the 
Hc2 are shown in (c) and (d) for FeSe0.1Te0.9 and FeSe0.5Te0.5, respectively.  
 
R-T measurements (2 K-300 K) were conducted for FeSe0.1Te0.9 and FeSe0.5Te0.5 
films on STO and the results are plotted in Figure 7. 3. The details from 2 K to 20 K are 
shown in the inset of (a) and (b). The FeSe0.5Te0.5 film shows a transition temperature Tc 
ranging from ~12.5 K (Tconset) to ~ 10.5 K (Tczero). In comparison the FeSe0.1Te0.9 has a 
higher transition temperature Tc ranging from ~13.3 K (Tconset) to ~ 12.5 K (Tczero) which 
is also higher than its bulk counterpart [72, 73]. The R-T measurement under magnetic 
field parallel to the c-axis up to 9 T was carried out to estimate the upper critical field. 
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The irreversibility line Hirr(T) extrapolated with the Tczero and the upper critical field 
Hc2(T) extrapolated with the middle point of Tc [55, 101] are plotted. The upper critical 
field was estimated by the Werthamer-Helfand-Hohenberg model,  
−𝐻𝑐2(0) = 0.7𝑇𝑐 𝑑𝐻𝑐2 𝑑𝑇⁄ |𝑇𝑐 (Equation 7. 1) 
The upper critical field Hc2 is estimated to be ~ 49 T and 114 T for the FeSe0.5Te0.5 and 
FeSe0.1Te0.9 film respectively. The Hc2 is much higher in FeSe0.1Te0.9 and the value is 
comparable to the pure superconducting FeTe thin films [104] deposited in controlled 
oxygen atmosphere. The vacuum deposited FeSe0.1Te0.9 is easier to get reproducible 
result for the magnets application in terms of homogeneity and deposition condition 
control. 
Notice the FeSe0.1Te0.9 shows smaller normal state resistivity compared to the 
FeSe0.5Te0.5. Another feature of FeSe0.1Te0.9 is the abnormal in the R-T plot usually 
reported at around 70K for bulk and thin film [134] which indicates the AFM state 
becomes broader hump at temperature higher than 100 K. The phase separation used to 
be proposed in the FeTe thin film deposited in controlled oxygen atmosphere with minor 
amount of oxygen doping [134]. The intrinsic chemical inhomogeneity was reported in 
Fe1+ ySe1-xTex study by STEM [163] and this nanoscale phase separation of the Te rich 
or Te deficient clusters are possible flux pinning centers to enhance the in-field Jc and 
the pinning force [156]. In case of FeSe0.1Te0.9, it is highly possible that point defects of 
the Te rich regions as parent compound, being AFM can work as the flux pinning 
centers which yield high upper critical field. Better pinning properties are expected upon 
further optimize the composition to get more self-assembled pinning centers [114]. 
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Figure 7. 4 Magnetic hysteresis loops of the FeSe0.5Te0.5 and FeSe0.1Te0.9 thin films at 2 
K, 4 K and 8 K. The corresponding field dependence of the critical current density for 
FeSe0.5Te0.5 and FeSe0.1Te0.9 thin films at (d) 2 K, (e) 4 K and (f) 8 K. The insets show 
the normalized critical current density plots in log-log scale for α value calculation. 
 
The magnetic hysteresis loops measured with the magnetic field parallel to the c-
axis of the thin films are compared in Figure 7. 4 for the FeSe0.5Te0.5 and FeSe0.1Te0.9 
thin films. There is no obvious fishtail shape in the hysteresis loops for all the samples. 
The fishtail shape was reported in the bulk FeSe0.5Te0.5 and is correlated to the existence 
of a weak or non-superconducting phase [58, 59]. This suggests the films are free from 
those weak or non-superconducting phases. The critical current densities were derived 
by the Bean model which gives a reasonable estimation of the actual Jc value for the 
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moderate magnetization change in the testing range [58, 59, 65]. The calculated Jc values 
are plotted in Figure 7. 4 for 2 K, 4 K and 8 K, respectively. Self-field Jc is as high as 
1.8×105 A/cm2 at 2 K, 1.3×105 A/cm2 at 4 K and 0.5×105 A/cm2 at 8 K for both 
FeSe0.5Te0.5 and FeSe0.1Te0.9 thin films.  
For the pure FeTe thin film we first tried deposited the tetragonal FeTe thin films 
on STO substrates. By varying the deposition temperature, we optimized the growth 
condition with the R-T measurement shown in Figure 7. 5. The corresponding XRD plot 
is shown in Figure 7. 6. Higher superconducting transition temperature was found in the 
film deposited at 350 °C with much pure tetragonal phase indicated by the XRD results.  
 
 
Figure 7. 5 R-T plot of the FeTe thin films grown on STO substrates with various 
deposition temperatures. 
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Figure 7. 6 XRD plot of the FeTe thin films grown on STO substrates with various 
deposition temperatures 
 
To test the compatibility of the iron chalcogenide thin film with the coated 
conductor technology, the FeSe1-xTex thin film has also been deposited on glass 
substrate. Figure 7. 7 shows the standard θ-2θ XRD scans for the FeSe0.5Te0.5, 
FeSe0.1Te0.9 and FeTe films deposited on the glass substrates. All the FeSe1-xTex films 
are determined to be highly textured along the c axis of the tetragonal phase FeSe1-xTex 
(00l). However in the FeTe there is one extra peak corresponding to the impurity. The c-
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axis lattice parameters for the FeSe0.5Te0.5, FeSe0.1Te0.9 and FeTe films are 5.8851 Å, 
6.1691 Å and 6.2732 Å, respectively. 
 
Figure 7. 7 θ-2θ scans of the FeSe0.5Te0.5, FeSe0.1Te0.9 and FeTe thin films on glass 
substrates.  
 
The Figure 7. 8 shows the FeSe0.1Te0.9 thin films on glass substrate. Surprisingly 
the R-T measurement shows the FeSe0.1Te0.9 thin films on glass substrates have even 
higher transition temperature of Tczero ~ 10 K than the FeSe0.5Te0.5 thin films on glass 
substrates. 
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In addition, the Hc2 estimated by the R-T measurement under magnetic field is 
much higher than the FeSe0.5Te0.5 thin films on glass substrates. This result demonstrates 
the possibility for the practical application of the FeSe0.1Te0.9 thin films in the coated 
conductors. 
 
Figure 7. 8 (a) R-T plots of the FeSe0.1Te0.9 on glass substrate from 2 K to 300 K. (b) 
shows the detailed superconducting transition regime from 2 K to 20 K under magnetic 
field. (c) and (d) are the estimations of Hirr and the Hc2. 
 
 
And even the pure FeTe thin films on glass substrates can show the 
superconducting transition. The R-T measurement shows pure FeTe film on glass 
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substrate with transition temperature of 8 K for the zero resistance and the Tconset is ~ 12 
K. In addition in the R-T plot the bump corresponding to the AFM transition is 
presented. It indicates the coexistence of the superconducting phase and the AFM phase. 
In addition the increasing of the resistance just before the superconducting transition is 
discovered, which is similar to the FeTe thin film grown on STO substrate in the 
controlled oxygen atmosphere [104]. The results indicate the substrate may not be the 
key for the FeTe to be superconductor.  
The TEM of the FeTe thin film on glass substrate is as shown in Figure 7. 10. 
Although the film has some texture properties as shown in the XRD plot in Figure 7. 7 
the epitaxial quality is not as good as the doped one. 
 
Figure 7. 9 R-T plot of the FeTe thin film on glass substrate from 2 to 300 K and the 
inset shows the detail of the superconducting transition from 2 to 20 K. 
 155 
 
 
 
 
Figure 7. 10 TEM results for (a) low magnification cross-section overview, (b) high 
resolution cross-section view for at FeTe thin film on glass substrate with inset showing 
the SAED for the film.  
 
7.5 Conclusion 
In this research we have successfully grown epitaxial superconducting 
FeSe0.5Te0.5, FeSe0.1Te0.9 and FeTe thin films on STO and glass substrates. The 
FeSe0.1Te0.9 on STO has a transition temperature Tc ranging from ~13.3 K (Tconset) to ~ 
12.5 K (Tczero) with Hc2 of ~ 114 T which is comparable to the superconducting FeTe 
thin film and much higher than the FeSe0.5Te0.5 thin films on STO. The FeSe0.1Te0.9 on 
glass substrate also demonstrates higher Tc and Hc2 compared to the FeSe0.5Te0.5 film on 
glass substrate. All these results show the iron chalcogenide superconducting thin film 
with composition close to the magnetic order is more promising in the high field 
applications.   
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CHAPTER VIII 
SUMMARY AND FUTURE WORK  
 
In this dissertation, we systematically investigated the growth conditions and the 
superconducting properties of the iron chalcogenide thin films with various 
compositions on various substrates:  
We first optimized pure FeSe thin films by different growth conditions using 
pulsed laser deposition (PLD) and post-annealing procedures. The annealing procedure 
which introduces the Fe3O4 is important for the superconducting properties: First it 
consumes the extra Fe due to the high vapor pressure of the Se during the PLD. In 
addition, annealing can improve the crystallinity. 
Later on, we reported our initial attempt on introducing the flux pinning centers 
in FeSe0.5Te0.5 either under a controlled oxygen atmosphere or with a thin CeO2 
interlayer. The oxygen deposited thin film gives moderate improvement. The thin film 
with the CeO2 interlayer shows notable improvement in the pinning property. The 
enhancement may originate from the nanoclusters as well as the interfacial defects 
introduced by the heterogeneous interface. 
Towards the practical application, we demonstrated the growth of 
superconducting FeSe0.5Te0.5 film on amorphous glass substrates for the first time. The 
film is highly textured with excellent superconducting properties, e.g., Tc of 10 K and Jc 
under self-field as high as 1.2×104 A/cm2 at 4 K. Further optimization of the film growth 
with various nanoscale interlayers has been carried out. 
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In addition the Te rich iron chalcogenide thin film with composition close to the 
composition with Antiferromagnetic (AFM) transition has been demonstrated. 
Compared to the FeSe0.5Te0.5 which was claimed to be the optimum composition from 
the literature report, the FeSe0.1Te0.9 is even more promising as the candidate to 
substitute conventional materials used in the high field applications such as Nb3Sn and 
NbTi.  
The future research can be focused on these aspects: 
1. Find the optimum composition for the high field application: couple the 
superconducting properties including Tc, Jc and Hc2.  
2. Further enhance the in-field performance of the iron chalcogenide thin films by 
interlayer approach and study the pinning mechanism with the vertical aligned 
nanocomposite (VAN) layer such as CeO2/Fe2O3 [164]. 
3. Use the piezoelectric buffer layer to control the lattice parameters which 
assemble the pressure effect to tune the superconducting properties of the iron 
chalcogenide thin films. 
4. Study the stability of the thin film at environment similar to the situation in the 
practical application such as the sensitivity of the superconducting properties to 
the air, creep effect of the film in the coated conductor during thermal cycle and 
the mechanical properties of the film such as the scratch test and indentation. 
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